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The total vapor pressure of graphite is calculated as a function of temperature to the harmonic oscillator- 
rigid rotator approximation. It is assumed that three species (Ci, C2, and C3) are present in the gas. The 
C; atoms are most prominent in the mixture. C; molecules are relatively more abundant than C2 diatoms. 
The heats of sublimation of the various carbon species are discussed. 





EVERAL investigations have recently been pub- 
lished! indicating that carbon vapor evaporating 
from a graphite surface contains C; molecules, besides 
the atomic and diatomic species. Earlier, Vaughan and 
Kistiakowsky* studied the problem of the heat of 
sublimation of carbon and involved in their calculations 
single atoms and diatomic molecules. They mentioned, 
however, that higher molecular weight species must also 
be taken into account in a complete discussion of the 
problem. Brewer, Gilles, and Jenkins‘ showed the 
presence of C2 molecules and arrived at a value (Z;= 170 
kcal/mole) for the heat of sublimation of carbon. 
Calculations have been made here, by the usual 
statistical methods to the rigid rotator-harmonic 
oscillator approximation, of the equilibrium vapor 
pressures of the three species mentioned above. It is 
shown that the composition of the vapor in equilibrium 
with a carbon surface involves a large fraction of C; 
molecules as found by Honig! and Chupka and In- 
ghram.? The value of 170 kcal/mole for the heat of 
sublimation of carbon is assumed. It will be shown that 
it is the most satisfactory choice since lower values 
(124.3 or 141 kcal/mole) do not yield proper vapor 
pressure-temperature curves. The heat of formation of 
C; molecules was taken to be 139.7 kcal/mole, yield- 
Inga heat of sublimation of C2 molecules, L2 = 200.5 


kcal/mole. This value is derived from bond energy- 
—_— 
* Visiting lecturer; on leave of absence from the State University 
jowa, Towa City. 
as Honig, Phys. Rev. 91, 465 (1953). 
3 A. Chupka and M. C. Inghram, J. Phys. Chem. 21, 1313 


(1939) E. Vaughan and G. Kistiakowsky, Phys. Rev. 40, 457 


‘Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 (1948). 


bond distance considerations.® The necessary molecular 
constants were taken from Herzberg.® The specific heat 
of graphite was estimated as shown in Table I. 

The C; molecule was considered to be like the carbon 
frame of allene. However, the carbon-carbon distance 
is 1.29A to fit the bond energy discussed below. A linear 
molecule (D.,) was assumed and three proper allene 
frequencies were chosen, corrected for the end masses 
being carbon atoms rather than CHo2-groups. The 
frequencies used were: w;= 1071, w2= 353, and w3= 1980 


Tasie I. LogP:=F1(T) —0.21862,X T7+2.5 logT 
(L,= 170.0 kcal*). 
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5.14 5.14 0.606 

5.76 5.76 0.914 
(6.00) (5.95) 1.173 0.191 — 10.520 
(6.10) (5.89) 1.393 0.411 —6.781 
(6.20) (5.74) 1.583 0.602 —4.296 
(6.30) (5.64) 1.750 0.769 —2.526 
(6.40) (5.60) 1.898 0.917 — 1.202 
(6.50) (5.65) 2.031 1.050 —0.175 
(6.60) (5.76) 2.152 1.171 0.644 
(6.70) (5.89) 2.264 1.284 1.311 
(6.80) (6.00) 2.367 1.385 1.866 








® Reference 4 and G. Glockler, J. Chem. Phys. 21, 1224 (1953). 

b Extrapolation: Cp(E~-) =0.0002 (T-2000) ; 2000-6000°K. 

e Extrapolation made empirically. Based on behavior of several metals 
about their melting points (Al, Pb, Cd). The melting point of carbon was 
assumed to be ~3800°K. 

4 J. O. Clayton and W. F. Giauque, J. Am. Chem. Soc. 54, 2610 (1932). 
‘ e F:(T) includes all constant factors and the double integral in column 
our. 


5G. Glockler, J. Chem. Phys. 21, 1242 (1953). 
6G. Herzberg, Molecular Spectra and Molecular Structure 
(D. Van Nostrand Company, Inc., New York, 1950). 
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TABLE II. 


logP2= F2(T) —0.2186X L2X T-!+-3.5 logT —log(1—exp(hv/kT)), 
logP;= F;(T) —0.2186X L;X T“+3.5 logT 
—Z; log(1—exp(hvi/kT)), 
(L1=170; L,=200; L3=212.3 kcal). 











3 —F:,(T) log Pz —F;(T) logP: logPtotal 
2000 1.848 — 11.970 2.119 — 12.130 — 10.494 
2500 2.288 —7.649 2.780 —7.529 — 6.663 
3000 2.669 —4,791 3.349 —4.483 —4,.002 
3500 3.003 —2.765 3.851 —2.325 —2.026 
4000 3.299 —1.257 4.295 —0.718 —0.509 
4500 3.565 —0.092 4.692 0.525 0.685 
5000 3.807 0.831 5.057 1.510 1.639 
5500 4.031 1.580 5.392 2.308 2.418 
6000 4.236 2.199 5.701 2.969 3.065 








cm. The statistical weight of the ground state was 
taken to be five. 

The heat of sublimation of C; molecules was estimated 
as follows: The work of Lummer’ and of Benedict’ 
indicates that the vapor pressure of carbon in an arc, 
burning under normal load, is one atmosphere at 
4200°K. It is suggested that this measurement is 
satisfactory, while the work of Kohn and Guckel® on 
the heat of sublimation of carbon may not be correct. 
They used the results of Lummer’ and Benedict’ to 
establish one reference point of their vapor pressure 
curve. However in calculating the heat of sublimation 
of carbon they had to use a constant due to Henning.° 
If this constant had a somewhat different value and were 
more temperature dependent, the findings of Kohn 
and Guckel would of course be different. Their work 
needs careful attention, however, because they operated 
at high enough temperatures so that tarry impurities 
were of no significance. Brewer ef al.* have pointed out 
that studies"! made below 2600°K may be in error 
because of the presence of tars which would increase the 
apparent vapor pressure. Furthermore all work involv- 
ing accommodation coefficients is inconclusive as 
Chupka and Inghram?* have mentioned. Their work is 
free of such criticism because they measured relative 
abundances of given species and not total vapor 
pressure. 


TABLE ITI. Heats of sublimation of graphite. 











°K ly Le °K ig Ln 
2000 173.1 160.3 4500 196.6 78.0 
2500 178.7 129.9 5000 196.5 74.4 
3000 186.9 102.4 5500 195.8 72.8 
3500 192.7 88.2 6000 194.8 71.8 


4000 195.2 81.0 








7 E. Benedict, Ann. Physik 47, 641 (1915). 

8H. Kohn and M. Guckel, Z. Physik 27, 305 (1924). 

®F. Henning, Jahrb. Radioakt. u. Elektronik 16, 1 (1919). 

% Doeheard, Goldfinger, and Waelbroeck, J. Chem. Phys. 20, 
757 (1952). 

1 F, Waelbroeck, J. Chem. Phys. 20, 757 (1952). 

2 P, Goldfinger, Compt. Rend. Soc. Chim. Phys. Jan (1952). 
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On the basis of these arguments the total pressure 
of all species present is taken to be one atmosphere at 
4200°K. The equilibrium pressures of C; atoms and C, 
molecules were found to be 0.173 and 0.175 atmospheres 
at 4200°K from their respective vapor pressure curves. 
Hence C3; molecules must be present to the extent of 
0.652 atmosphere. This information allows a value of 
the heat of sublimation (Z3) of C3 molecules to be 
calculated from their vapor pressure curves: 


3C,-C3(g); | L3=212.3 kcal, 


yielding a corresponding heat of formation from atoms 


(Qa) 
3C (3P)C3(PL) ; 


The bond energy of the C=C bond in C; is therefore 
148.5 kcal which is somewhat stronger than the C=C 
bond in the Cz molecule (139.7 kcal), indicating that 
the four electrons on the end carbon atoms in C; are 
to some extent involved in the chemical binding. It 
is to be noted that even without the use of the work of 


Qa=2.969 kcal. 


TABLE IV. Composition of carbon vapor.® 











ab PY ns 
“ Pi P2 P3 wi wi yi 
2000 3.022 0.107 0.074 1:0.04: 0.02 
2500 1.654 0.224 0.296 1:0.14: 0.2 
3000 5.058 1.620 3.288 1:0.3 : 0.7 
3500 2.978 1.717 4.732 130.6 : 16 
4000 0.063 0.055 0.192 $209 < 3.1 
4500 0.669 0.824 3.347 2:14.22 : SS 
5000 4.406 6.781 32.32 45 3:75 
5500 20.46 38.04 198.70 1:1.9 : 9.7 
6000 73.52 158.02 930.00 $24 2925 








a Pressures in arbitrary units. 


Lummer’ and Benedict’? one would estimate that the 
C=C bond in C; would have a bond energy of at least 
139 kcal as in Cz molecules and the general findings 
would be the same. 

The results are shown in Tables I to IV and in Figs. 
1 and 2. The lower values of the heat of sublimation 
(L;= 124.3 or 141.0 kcal) do not fit into the present 
picture at all. They yield a carbon vapor pressure 
greater than one atmosphere at 4200°K by considering 
C, and C2 species only (Curves A and B of Fig. 1). 

From the vapor pressures of the three species their 
mole fractions were calculated (Table IV). A study 
was made of the Clausius-Clapeyron equations of the 
individual species and their mixture. The following 
notation was used: 

Liar=heat of sublimation of one mole of species 4, 
derived from the temperature interval AT; i=1, 2, 3; 
AT=T;—T;. Lir=heat of sublimation of one mole 
of the mixture, derived from the temperature interval 
AT. Lyr=heat of sublimation of one mole of the 
mixture at temperature 7. L,r=heat of sublimation 
of twelve grams of graphite at the temperature 7. 
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ui=mole fraction of species 7. n;=moles of species 1. 
P,;= equilibrium partial pressure of species 1 (atmos) at 
the temperature T;. P;=total vapor pressure of the 
mixture. 7= absolute temperature. 

The following relations are then pertinent: 


Lar=iLiar—AT(T;-Ti)"XF(P), 
where 
F(P)=45.743[log{ (PiP2P3)/P2} ;—log{(P:P2Ps)/P3 x], 
Lisr=AT(T;T;)“LlogP;;—logP ix], 
Lyr=waLiyrt+ueLert+usLsr, 
Lar=MLip+neLer+n3L3r, 
12= 12n,+24n2+ 36n;3, 
n= p(w 2u2+3us) 1. 





ee A. log(P+R); L.= 124.3 ke 
PIN B. -( );L=I410» 
y C.  R=28204T 9,596 

“iS D 3 


* (P*R +B): L,=!70ke 


“10F as 1 
Tos 455 45 4 35 3 25 ~ 
- ' ' Y ‘ : ' ' ‘ ‘ . ‘ 


2 3 4 5 
1/T*104 (*K) —» 











Fic. 1. Total vapor pressure of carbon. Curve C is from data 
given in I.C.T. III page 205. The point P=1 atm., T=4200°K 
is from reference 9. 


These relations are shown in Fig. 2. There is also 
indicated the variation of Liar of the three species. 
From the total vapor pressure curve of the gas mixture 
only an apparent heat of sublimation (Liar) can be 
derived. The relation between this pressure (P;), the 
heats of sublimation at a given temperature of the 
three species considered, and their partial pressures, 
is rather complicated. The composition of the gas 
mixture must also be known and the specific heats of 
the three species must be ascertained in order to find 
the heats of sublimation at absolute zero. 

From the vapor pressure curves of C; and C2 mole- 
cules, the equilibrium constant (K) for the reaction 


20:50 2; K= P,/P; 
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Fic. 2. Heats of sublimation of the gas mixture C;, C2, and C3. 
The curves Liar, Loar, and Lar indicate the variation of these 
heats of sublimation with temperature. Lar or Lyr is the heat of 
sublimation per mole of mixture. Ly»r is the heat of sublimation 
per twelve grams of graphite. 


can be obtained and compared with the calculations of 
Gordon.” Using his Eq. (5) with D(C2) = 139 kcal/mole 
yields results which compare satisfactorily with the 
present values: K (2000: 9.12, 9.07) ; (3000: 3.87, 3.80) ; 
(4000: 1.22, 1.14); (5000: —0.38, —0,46); and (6000: 
—1.46, —1.53). This agreement indicates that the 
rigid rotator-harmonic oscillator approximation used is 
sufficiently accurate for the present purpose. 

The composition of carbon vapor is given by Chupka 
and Inghram*? at 2450°K. They find C,+:C:*:C;* 
= 1.0:0.5:1.6. The present calculations yield C1: C2: Cs; 
=1:0.1:0.2 at 2500°K (Table IV). This difference 
should cause no great concern at this moment because 
on the one hand ionization cross sections are unknown 
as pointed out by Chupka and Inghram' and the present 
calculations are based on several assumptions. The 
heat of sublimation of C, is found by them to be 
L,=176+6 kcal/mole; 170 kcal/mole was assumed 
here. The heat of sublimation of C. molecules 
was found from mass spectrometry to be 208 kcal/mole. 
Bond energy considerations indicate 200 kcal/mole 
as used in these calculations. The heat of sublimation 
of the C; species is given by Chupka and Inghram as 
200+10 kcal/mole, while the present considerations 
indicate 212.3 kcal/mole. 

It is gratifying that the mass-spectrometric approach 
and the present thermodynamic calculations given such 
comparable results. 





'3 A. R. Gordon, J. Chem. Phys. 5, 350 (1937). 
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Electron Distribution in Molecules. IV. Phosphorus Magnetic Resonance Shifts* 
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Chemical shifts in the phosphorus nuclear magnetic resonance absorption have been measured in twenty 
compounds. The shifts arise from differences in the magnetic shielding of the phosphorus nuclei by elec- 
trons, and the values observed are interpreted qualitatively in terms of the molecular electronic structures. 
The range in shifts is 7 10~* which is somewhat larger than observed for fluorine on which more extensive 
data are available. The phosphorus resonance shifts fall into two distinct groups one of which contains 
compounds with trivalent phosphorus and the other, pentavalent. The shifts in pentavalent compounds fall 
in a relatively narrow range, generally with greater nuclear magnetic shielding than in the trivalent. The 
resonance shifts between similar or homologous compounds can be accounted for by considering changes in 
the importance of ionic and double-bonded electronic structures. 





INTRODUCTION 


ARIATIONS in the location of a nuclear magnetic 
resonance with chemical constitution were first 
reported by Knight! for P*!. Although no details were 
given, his estimated magnitude of 0.01 percent for the 
effects is consistent with the measurements reported 
herein. Ramsey’s? theoretical analysis ascribes the varia- 
tions to magnetic shielding of nuclei by the molecular 
electrons, whose motions interact with the applied 
magnetic field. A change in electron distribution with 
chemical constitution changes the magnetic shielding 
of a nucleus and chemically shifts its resonance position. 
Thus, in principle, information about the electronic 
structures of molecules can be obtained from chemical 
shift data. Although detailed calculations have been 
made? only for Hz, data and semi-empirical analyses 
have been given for a large number of proton and 
fluorine chemical shifts in various types of compounds.*~® 
If the chemical shifts are to be measured accurately, 
the resonance lines should be narrower than the shifts, 
and this usually requires that the sample be liquid to 
minimize internuclear magnetic dipole broadening. 
Also, as the resonances can be broadened by electric 
quadrupole interactions, the best nuclei for this type 
of experiment are those with spins of 3, in which case 
the electric quadrupole moment is zero. Furthermore, 
the nuclei must exist in sufficient isotopic abundance 
and with a large enough magnetic moment to give 
raeasurable absorption. Fluorine and hydrogen nuclei 
are well suited for this type of experiment as evidenced 
by the results already obtained. Phosphorus has one 
stable isotope P*!, and it meets the requirements for 


* Supported by the U. S. Office of Naval Research. 

t National Science Foundation Predoctoral Fellow. 

1W. D. Knight, Phys. Rev. 76, 1259 (1949). 

2N. F. Ramsey, Phys. Rev. 78, 699 (1950) ; 86, 243 (1952). 
as i) S. Gutowsky and C. J. Hoffman, J. Chem. Phys. 19, 1259 

951). 

4 Gutowsky, McCall, McGarvey, and Meyer, J. Am. Chem. Soc. 
74, 4809 (1952), I. 

5L. H. Meyer and H. S. Gutowsky, J. Phys. Chem. 57, 481 
(1953), IT. 

® Meyer, Saika, and Gutowsky, J. Am. Chem. Soc. 75, 4567 
(1953), III. 


shift measurements rather well as it has a spin of } and 
a sizeable magnetic moment. 

The main objective of this note is to summarize the 
phosphorus resonance shifts observed thus far and to 
discuss their utility in determining molecular differ- 
ences in bond type. Some of the phosphorus resonance 
shifts we have observed were given in connection with 
the multiplet resonance lines arising from the electron 
coupling of nuclear spins.’ Also, Dickinson® reported 
earlier the resonance shifts in PCl3, PBr3, and POCI; 
with respect to H;PO, (aq.); our results agree with his 
within experimental error. In considering the phos- 
phorus resonance shifts we encounter two factors not 
present in case of fluorine and hydrogen. First, phos- 
phorus is multivalent and second, it has two stable 
valence states. Although these factors complicate any 
interpretation, one may be led to a better understanding 
of multivalent bond structures in the attempt. 


EXPERIMENTAL METHOD 


The experimental details were similar to these de- 
scribed earlier.*:7 The resonances were observed at 
about 6365 gauss, using an rf bridge, 30 cps modulation, 
ana oscilloscope display. The resonance shifts were 
measured at a fixed radio-frequency as the difference in 
applied field to center the resonance lines of the com- 
pound and the reference on the oscilloscope. The multi- 
plet structures observed in many of the resonances were 
symmetrical and the center was used in determining 
the resonance shift, as is justified theoretically.” Usually 
a set of ten measurements was made by placing suc- 
cessively the sample and reference compound in the 
same coil. The order was reversed for half the measure- 
ments so any constant drift in frequency or field would 
cancel out. Statistical errors were the order of +0.006 
gauss, and systematic errors up to one percent may be 
present in addition.’ 

Compounds do not need to be extremely pure 
for chemical shift measurements, and commercial 


( — McCall, and Slichter, J. Chem. Phys. 21, 279 
1953). 
8 W. C. Dickinson, Phys. Rev. 81, 717 (1951). 
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PHOSPHORUS MAGNETIC RESONANCE SHIFTS 


samples were used without further purification. The 
Cl(CHe2)3PClz and C2H;OPOCl, were kindly provided 
by Dr. D. R. Martin; the sources of the other samples 
have been given.’ The shifts in PH; and PF; were 
measured in the liquids at about —90°C. Yellow phos- 
phorus (P4) and P,S; were measured at room tempera- 
ture in the solid state, the latter with a narrow band 
amplifier. The other compounds were liquid at room 
temperature and were measured as such. 

In this paper we define the chemical shifts of P* as 
10° (H.—H,)/H, where H, and H, are the magnetic 
fields required for resonance in the sample and in a 
reference, respectively, at a fixed radio-frequency. Aque- 
ous H3PO, was chosen as an arbitrary reference, as it 
gives a strong, narrow resonance and is readily available. 
With this definition, more positive shifts correspond 
to greater magnetic shielding of the nucleus. The 
6 values used in discussions of fluorine*:> and proton®:® 
shifts are defined similarly, but the sign is reversed so 
that changes in 6 correspond to changes in the charge on 
the atom. 


RESULTS AND DISCUSSION 


The phosphorus resonance shifts observed are given 
in Table I, with trivalent and pentavalent compounds 
listed separately. Before discussing individually several 
of the various types of compounds, some general ob- 
servations will be given. 

The pentavalent compounds, excluding HPF., have 
phosphorus shifts clustered in the narrow range from 
2 to —3. In HPF., which has a higher shielding of 
11.8, the structure is octahedral, sp*d?, while the other 
pentavalent compounds use s*d orbitals. In Ramsey’s 
theory? the shielding increases with the electrostatic 
potential at the nucleus and is reduced by a second- 
order paramagnetism which arises in part from the lack 
of spherical symmetry introduced by the bonding elec- 
trons. The higher symmetry of the PFs~ compared to 
the other compounds, as well as the contribution 
of the additional two electrons may account for the 
greater shielding of the phosphorus. Also, as we shall 
consider below, replacement of other atoms with fluorine 
increases the phosphorus shielding, and PF,~ is unusual 
in the number of fluorines. 

With the exception of P,, PH;, and P,Ss, the trivalent 
phosphorus compounds have shielding values ranging 
from —9.7 to —22.2, considerably below the —3 lower 
limit of the pentavalent compounds. The bonding in the 
trivalent compounds is a combination of p* and sf’, 
and the lower shielding most likely arises because there 
are fewer valence electrons and a less symmetrical 
electronic distribution than in the pentavalent com- 
pounds. In this connection it is of interest to note that 
the chlorine nuclear quadrupole coupling constants” 


*R. Livingston, J. Phys. Chem. 57, 496 (1953). 


(1953) W. McCall and H. S. Gutowsky, J. Chem. Phys. 21, 1300 
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TABLE I. Chemical shifts* in the P*! magnetic resonance. 








Pentavalent compounds 


Chemical Probable 
shift error 


11.8>¢ 

2.01» 
1.48 0,02 
0.00 0.02 

0.00 reference 
—0.45>5 0.04 
—0.54 0.04 
—0.64 0.06 
—1.38> 0.06 
— 3.08 0.05 


Trivalent compounds 


Chemical Probable 
shift error 


48.8 0.02 
45.0 0.03 
24.15 0.03 
11.4° 
—9,7> 
CH;0PF, — 11,1» 
P.I,(in CS2) —17.0° 
PI; —17.8 
Cl(CH2)3PCl, — 18.2 
PCI; —21.5 
PBrs —22.2 


Formula 


HPF; 
F,PO(OH) 
POCIF, 
POCI.F 
H3PO, 
HPO(OH):. 
POC]; 
C:H;OPOCI, 
H.PO(OH) 
PSCl; 


Formula 
P, (in CSe) 
P, 

PH; 
PS; 
PF; 





0.01 


0.05 
0.02 


0.04 
0.07 
0.09° 
0.11 








® Referred to aqueous H3PO,; defined as 105X(H-e—Hr)/Hr where He 
and H; are the resonance magnetic fields for the sample compound and refer- 
ence, respectively. 

b The resonance exhibited multiplet structure; see reference 7 for details. 

© The resonance was weak and the shift value is good only to +1.0. 


demonstrate that the P—Cl bonds are considerably 
more covalent in PCI; than in PCs. 

(a) PF3, PCl3, PBr;, PI;: In this homologous series 
the phosphorus shielding decreases in the order PF3, 
PI;, PCl;, and PBr3, with the iodide out of sequence 
and the fluoride shielded considerably more than the 
other halides. Similar trends have been noted in the 
proton shifts> in the methylene halides (CH2X2) and 
haloforms (CHX;), and in the substituent effects‘ in 
benzene. The observed order reflects the presence of 
two opposing effects, ionic and double bond character. 
The P—X electronegativity difference increases on 
passing from PI; to PF3;, and the ionic bond character 
should increase accordingly. Also, fluorine and to a 
lesser extent chlorine and the larger halogens can form 
double bonds. So the observed shifts are compatible 
with the phosphorus shielding increasing as the double 
bond character is increased and decreasing as the ionic 
bond character is increased. Thus, for ionic character 
effects alone, the phosphorus shielding would decrease 
in the sequence I, Br, Cl, and F; the opposing double 
bond effect is greatest for F and the next for Cl, giv- 
ing the observed sequence F, I, Cl, and Br. More- 
over, the double bond character effect in PF; is very 
pronounced compared with the other halogens; this 
is consistent with the well-known chemical concept 
that first row atoms double bond most effectively.” 

(5) POC];, POCI,F, POCIF;, POF;: In these com- 
pounds both the phosphorus and the fluorine’ shielding 
increase with fluorine substitution. Pauling has pro- 
posed” structures for the phosphorus oxyhalides such as 

O- O 
| | 
pt P 

/\\N JIN 

X X X X 

X Xx 

(1a) (1b) 

1K. S. Pitzer, J. Am. Chem. Soc. 70, 2140 (1948). 


2L, Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1948), second edition, p. 83. 
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However, in order to give the observed trend in the 
phosphorus shifts, there must be double bond structures 
of the type 


O 
| 
and perhaps P 
\ 
a Ft 
Cl 
(2b) 


The increase in phosphorus shielding with fluorine 
‘ substitution again reflects the greater ease with which 
fluorine forms double bonds, compared to chlorine. 
The increase in the fluorine shielding upon continued 
substitution is analogous to that observed in the chloro- 
fluoromethanes;5 competition among the fluorines 
makes each P—F bond less double, increasing the 
fluorine shielding; but in the polyfluoro compound the 
P—F bonds still have more double bond character than 
P—Cl bonds. Although the effects of fluorine substitu- 
tion are qualitatively the same in the tri- and penta- 
valent compounds, the magnitudes are considerably 
less in the latter. 

(c) POCI;, PSCls: The phosphorus shielding is 
higher in POC]; than in PSCl;. If we consider the an- 
alysis above as valid, this provides a direct verification 
that oxygen forms double bonds more readily than does 
sulfur and that P=O structures are important in the 
oxyhalides, as expected." By analogy with the trihalides, 
if the ionic forms (1a) were the most important in both 
POCl;and PSCl;, the greater electronegativity difference 
in P—O would reduce the phosphorus shielding below 
that in the sulfide. The double bond structure (16) must 
be the main structure in POC]; to account for the 
greater shielding observed in it. 

(d) HePO(OH), HPO(OH)2, PO(OH);: The phos- 
phorus shielding increases as hydrogens on the phos- 
phorus are replaced by OH groups. This suggests the 
importance of structures like P—O—H and P-=OH". 
Confirmation is provided by the shielding of the protons 
attached to the phosphorus,’ which is greater in 
HPO(OH), than in H.PO(OH). On the basis of the 
structures postulated, there should be a greater nega- 
tive charge on the phosphorus in HPO(OH)2 than in 
H2PO(OH), reducing the ionic character of the P—H 
bonds and increasing the proton shielding (i.e. decreas- 
ing the proton 6 values®), as observed. 

(e) F;PO, F2PO0(OH), FPO(OH)2, PO(OH);: This 
set of compounds is similar to the hydrogen-hydroxy] 


series in (d) above and also the phosphorus oxyfluoro- 
chlorides in (6). The phosphorus resonance could be 
found only in F,PO(OH) and PO(OH);, with the phos- 
phorus shielding greater in the fluorine derivative. 
Furthermore, the fluorine shielding increases with 
fluorine substitution. These trends are analogous to 
those in (b) and (d) and are explainable in the same 
manner, assuming P~=F* electron distributions are 
relatively more important than P-=OHt. 

(f) Ps; PsS3; PH3: As remarked in the initial dis- 
cussion, the phosphorus shifts are very large in these 
compounds, particularly in Py. P, and P,S; have ab- 
normally small bond angles; the associated strain no 
doubt affects the bond hybridization and could be 
responsible for the observed effects. The high value in 
PH; could result from ionic forms P~Ht, which increase 
the charge on the phosphorus and should increase its 
shielding. A sizeable chemical shift exists between P,(s) 
and P, (in CS.) indicating there are significant inter- 
molecular effects in the solid, as was evidenced earlier 
by relaxation of the infrared selection rules in the solid.” 

In conclusion it is instructive to make an intercom- 
parison of the influence of bond type upon the mag- 
netic shielding of phosphorus, fluorine, and hydrogen 
nuclei. In the case of phosphorus we have seen that an 
increase in double bond character increases the nuclear 
shielding, while for fluorine the shielding is decreased.’ 
In a double bond the charge distribution is P-=F*; 
the changes in net formal charge are opposite for the 
two nuclei, as are the associated chemical shifts. On 
the other hand an increase in ionic character decreases 
the phosphorus shielding while increasing that of 
fluorine; but again this is consistent with the opposite 
charges that ionic character places upon the two nuclei, 
P+F-. Hydrogen does not form double bonds, and its 
shielding decreases with an increase in ionic bond 
character, R-H+; however, there are appreciable bond 
hybridization effects as well.5* The chemical shifts in 
the magnetic shielding of all three nuclei appear there- 
fore to correspond qualitatively to what we might call 
differences in “electron density” about the nuclei. 
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The specific reaction rate for chemical reactions is formulated in terms of the ¢ofal transmission coefficient 


in the reaction coordinate and a modified transition state, which differs from the original transition state 
only in the treatment of the reaction coordinate. If the total transmission coefficient is factored into two 
partial transmission coefficients, the modified theory gives the transition state theory in both the classical 
and the quantum-mechanical-particle-in-a-box treatments. It is then shown that the momentum density 
in the virtual state over a symmetrical square barrier is that of a quantum-mechanical-particle-in-a-box at 
low momentum and that of a classical system at high momentum. Finally, the reaction rate transmission 
coefficient is calculated from the modified theory for an unsymmetric square barrier and shown to depend 


on the temperature, the activation energy, and the thermicity of the reaction. 





I. DEVELOPMENT OF THE MODIFIED 
TRANSITION STATE THEORY 


CHEMICAL reaction may be represented by a 

flow of points (systems) over a potential energy 
hypersurface. On this surface are inscribed two hyper- 
areas, one of which describes the reactants and the 
other the products. The rate of the reaction is essen- 
tially the product of a transmission coefficient between 
the two areas and a frequency factor, i.e., the number 
of systems which strike the reactant boundary in unit 
time. Both of these quantities are complicated functions 
of all momenta, quantized and unquantized, as well as 
of position coordinates.! 

The multidimensional problem is reduced to a one- 
dimensional problem in the usual way by assuming 
that the reaction coordinate, X, and its conjugate 
momentum, ~, can be separated from all other degrees 
of freedom.” It will then be assumed that there exists 
an intermediate called the “modified transition state”’ 
which is in equilibrium with the reactants in all degrees 
of freedom except the reaction coordinate. In this co- 
ordinate the intermediate is assumed to be in the re- 
actant state; i.e., it moves as a free particle over a mean 
free path of length L at the energy of the reactant state. 
This distinguishes the modified transition state from 
the original transition state. The activation of the other 
degrees of freedom does not affect the activation energy 
since these are assumed to be in equilibrium with the 
reactants. 

The number of systems which react per second is 
given by 


Re f + (be)dv (pr), (1) 


where y(pz) is the total transmission coefficient and 
dy(pe) the number of systems with momentum pe 


* This research was supported in part by the United States Air 
Force under Contract No. AF 18(600)-430 monitored by the 
Office of Scientific Research. 

‘Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley 
and Sons, Inc., New York, 1944). 

? For a discussion of the separation of coordinates, see E. Wigner, 
Trans, Faraday Soc. 34, 29 (1938). 
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approaching the reactant boundary in unit time.f For 
the reaction 

A+B—D+E 
it is given by 


dv(pr)=[ ABT] 
X[Lexp(—pr?/2mkT)dprl/h\pr/Lm]). (2) 


The first bracket gives the number of systems in the 
modified transition state. ['=Q*/Q.4Qz is the ratio of 
the partition function for the modified transition state 
without the reaction coordinate to that for the reactant 
state. The second bracket is proportional to the prob- 
ability that a system in the modified reactant state will 
have momentum pr, and the last bracket gives the 
frequency for traversing the mean free path L. 
Since 


R=k,AB (3) 
k= (P/mh) f 1 (be) exp(—pr?/2mkT)pedpr. (4) 


Equation (4) may be written in terms of the momen- 
tum # at the highest point Ez on the reaction coordi- 
nate. See Fig. 1. Now 


pr=p’+2mEr 


and 
prdpr= pdp. 
If leakage through the barrier is neglected 


y(pr)=0 for pr<(2mEp)! 
so that 


k,= (C/mh) exp(— Er/kT) 
x f v(p) exp(—p2/2mkT)pdp, (5) 


where y(p)=~7(fr). Equation (5) is the basic equation 
in the modified transition state theory. 


Tt The statement “with momentum pz” is to be taken to mean 
with momentum lying between pz and pr+dprp. 
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II. DEVELOPMENT OF THE TRANSITION 
STATE THEORY 


The transition state theory may be obtained from the 
modified theory as follows: The total transmission 
coefficient ~(~) is broken down into the product of two 
partial transmission coefficients 


1(p)=p(p)x(p). (6) 


The second of these x(p) may be taken to be the usual 
reaction rate transmission coefficient, the ratio of the 
number of systems which become products to the num- 
, ber which reach the top of the barrier. p(p) is the ratio 
of the number of systems which reach the top of the 
barrier to the number which approach the barrier. It 
may be regarded as the density of momentum levels in 
the transition state normalized to the reactant state. 
Substitution of (6) in (5) and multiplication of the 
numerator and denominator by the arbitrary constant 
dq gives 


k,=T exp(ErkT)/(mdq) 
x f o(p)«(p) exp(—p2/2mkt) pdpdg/h. (7) 


This is the basic equation of the original transition 
treatment. It is customarily obtained as follows: 


R= f «(p)dy'(p), (8) 
where 


dv'(p)=[ ABI exp(—Er/kT ] 
X[p(p) exp(p?/2mkT)dpdq/h]_p/mdq], (9) 


the number of particles per second, with momentum p 
in the forward direction and lying in the length dg of 
the transition state. The factors have the same meaning 
as in Eq. (2) except that reference is made to the 
transition state rather than to the modified transition 
state. 

Integration of Eq. (8) together with Eq. (3) yields 
Eq. (7). Equation (7) may also be written 


k,=(Lk(p)p)wI" exp(—Er/kT)/mdq]Q.(p)/2, (10) 








a & x 


Frc. 1. Reaction coordinate section through the potential 
energy surface. 
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where 


0.(p)=2 f p(p) exp(—p?/2mkt)dpdq/h,? (11) 


the translational partition function for the transition 
state and the bar denotes the average defined by the 
partition function. 

In the early treatments, the following definition 
was made 


f «(p)o(p) exp(—p2/2mkT) pdpdq/h 
“it f o(p) exp(—p*/2mkT)pdpdq/h. (12) 


xa may be called the mean transmission coefficient. 
Two quite different momentum density functions have 
been employed: 

A. The classical momentum density: 


p(p)=1. 
Substitution in (7) or (10) yields directly 
k,=xal exp(—Epr/kT)RT/h. 


(13) 


(14) 


This is the generalization of the results of Peltzer and 
Wigner? as given in Fowler.® 

B. The momentum density for 
mechanical-particle-in-a-box: 


p(p) = (1/2)6(p—nh/2dq), 


where 6 is the Dirac delta function, which has the follow- 
ing properties.® 


5(p—nh/2dq)=0 unless p=nh/2dq 
Prt 


the quantum- 


(15) 


(16) 


J ®(p—nn/2dq)dpdg/h=1 (17) 


n—} 
Pn+} 
Pn-} 


The factor (1/2) in front of the delta function corrects 
the density from that of the quantum-mechanical-par- 
ticle-in-a-box, for which the momentum may take both 
signs, to the density of the transition state for which the 
momentum takes only one sign.§ 


f f(p)6(p—nh/2dq)dpdg/h= f(nh/2dq). (18) 


3It has been customary to associate the factor (1/2) with the 
average momentum rather than the partition function. See 
Glasstone, Laidler, and Eyring, Theory of Rate Processes (Mc- 
Graw-Hill Book Company, Inc., New York, 1951). 


t This follows from the definition of the average 


X=([S {exp(—?/2mkT) }X (p)dp]/Q. 

4H. Peltzer and E. Wigner, Z. physik. Chem. B15, 445 (1932). 

5R. H. Fowler, Statistical Mechanics (Macmillan Company, 
New York, 1936), second edition. . 

6 E. C. Kemble, Fundamental Principles of Quantum Mechanics 
(McGraw-Hill Book Company, Inc., New York, 1937). 

§ In the classical density the factor of (1/2) is introduced by 
integration over momentum from zero to infinity instead of from 
minus infinity to plus infinity. 











Substitution of (15) in Eqs. (7) or (10) yields directly 
Eq. (14). This is the development used by Eyring in 
his original work.’ 


Ill. THE TRANSITION STATE AS A VIRTUAL STATE 


In the previous section it was shown that a transition 
state in the reaction coordinate is obtained in the modi- 
fied theory by breaking up the total transmission coeffi- 
cients into two partial transmission coefficients. One 
of these defines the density of momentum levels in the 
transition state. It is of interest to calculate this func- 
tion for several potential surfaces and compare the re- 
sults with the density functions A and B which were 
assumed by earlier workers. 

In transition state theory, the transition state is 
localized in a length dg of constant height Er with 
the thermicity unspecified. These minimum specifica- 
tions are met by the symmetrical square barrier. The 
effect of modifying the barrier will be discussed later. 

The determination of the wave functions for this 
surface is straightforward.** The wave functions in 
the three regions of Fig. 1 are 


Vr=A exp(iprX/h)+B exp(—iprx/h), 
Yr=C exp(ipX/h)+D exp(—ipX/h), (19) 
~p=E exp(ippX/h). 


At the boundaries the wave functions must be con- 
tinuous, so that at a, Wr=wWr and d~p/dX =dp7/dX 
while at b, Pr= Wp and dy7r/dX =dy7/dX. These four 
boundary conditions give four relations among the five 
coefficients. The density of momentum levels, that is, 
the ratio of the number of systems on the top of the 
barrier to the number in the incident beam, is given by 


(|C|?+|D|*)p 
(p)= ; (20) 
saad |A|*br 


For the symmetric square barrier pr= pp, and 


_ 3(p/prtpr/p) 
1+ (1/4) (b/pr—pr/p)* sin®(pdg/h) 


This momentum density has the following interesting 
properties: (1) For large values of the momentum it 
approaches the classical value of one. (2) At low values 
of the momentum it approaches the (1/2)6(p—nh/2dq) 
of the quantum-mechanical-particle-in-a-box. This is 
borne out from an inspection of Fig. 2 and the fact that!| 








p(p) 21) 


i [rcorapia/n=s, (22) 
n—4 


7H. Eyring, J. Chem. Phys. 3, 107 (1937). 
ws b: Bohm, Quantum Theory (Prentice-Hall Inc., New York, 
aod? Hirschfelder and E. P. Wigner, J. Chem. Phys. 7, 616 


|| For a finite dg it is not necessary to consider any variation 
except that of the sine term in carrying out the integration. 
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Fic. 2. The momentum density as a function of momentum 
over a symmetric square barrier. 


(3) When # is averaged over one oscillation|| 


Pn 
ii" f o(p)dp/(h/2dq) = 1 (23) 
Pn-} 


the result required by both the classical and particle-in- 
a-box treatments. It follows then that *(p)=7(p).§ 
(4) The energy half-width of the bands is roughly equal 
to the uncertainty in the energy which one calculates 
from the lifetime 7 of a system in the transition state“, 


AE=pAp/m=prp*h/wmdg (pet p)* (24) 
AE=h/1r=h/(mdq/pT)=4prp'h/mdq(pr+p)*. (25) 


It is concluded that the virtual state with a momentum 

level density obtained from a symmetric square barrier 

gives a satisfactory description of the transition state. 
For the unsymmetrical square barrier® 


p(p)=2ppr( p+ pr*)/L[p’(pr®*+ pe’) cos*(pdg/h) 
+(p+prpp)’ sin*(pdg/h)}. (26) 


Here the similarity to the classical and to the quan- 
tum-mechanical-particle-in-a-box is much less marked. 
While p(p) has peaks at p=mnh/2dq as for the sym- 
metrical barrier, it has in addition smaller peaks at 
p= (n+ 3)h/2dq. Further, neither of the integrals (22 or 


q It should be noted that k() is not equal to T the transmission 
coefficient for a single edge. 
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23) gives the values demanded by transition state 
theory. For a rounded barrier there is also little simi- 
larity. 

The similarity between the virtual state for a square 
barrier at low momenta and the quantum-mechanical- 
particle-in-a-box deserves some comment. In both cases 
the energy levels arise from constructive and destruc- 
tive interference from waves reflected at the boundaries. 
In the box no particles can exist except at the discrete 
levels, whereas in the virtual state, particles possessing 
energy other than the discrete values are reflected away 
from the top of the barrier. This selective reflection is 
' fairly common, occurring in interferometers, the scatter- 
ing of electrons by gases (Ramsauer effect), many 
nuclear reactions, x-ray scattering from solids, and in 
the theory of metals. 


IV. THE CALCULATION OF THE SPECIFIC REACTION 
RATE FOR THE UNSYMMETRIC SQUARE BARRIER 


The specific reaction rate for the unsymmetric square 
barrier is calculated from the modified transition state 
theory by equation 


k,= (C'/mh) exp(— Er/kT 


x f v(p) exp(—p2/2mkT) pap. (3) 


For this barrier — 
¥(p)=1/Lp? (pr?+ pe’) cos*(dpq/h) 
+ (p+ prpp)? sin*(pdg/h)]. (27) 


Since the other factors in the integrand vary slowly 
with #, it is permissible to replace y(p) by its average 
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over one oscillation, 


x Pnt+t 


7(0) f +v(p)dp (h/2dq) 


=4pprpr/[P’+pepr)(petpp)]. (28) 


For low momentum and high barrier 7(p) may be ex- 
panded in terms of #°/(ErEp)*. Equation (5) then 
yields 


Pn-4 


k,=T exp(— ErkT) (RT/h)ka, (29) 
where 


(4kT)! [ *( kT ) 
KA = eer 
' (Ep) (Ep) 4 EpEp 


75/13 Er+Ep kT . 
‘fa aeseas! | ™ 
32\.5  (ErEp)'/ \ (ErEp)} 
There are several points of interest in these results. 
The first is the kT/h factors out, just as in the Eyring 
theory. The factor kT/h has less significance here, 
however, and it is perhaps just as significant to treat 
the integral divided by mh as the frequency unit. The 
mean transmission coefficient «4 is shown for a square 
barrier to have in general a value less than one, to 
increase with temperature and to decrease with increas- 
ing activation energy Er and exothermicity, Er—Ep 
Rounding the barrier increases «4.9 Further, prelimi- 
nary calculations appear to indicate that rounding the 
barrier decreases the effect of temperature, activation 
energy and thermicity on the mean transmission 
coefficient. 
It should perhaps be emphasized that the conclusions 
drawn here are only as valid as is a one-dimensional 
reaction rate theory. 
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Transport Properties of Gases Obeying a Modified Buckingham (Exp-Six) Potential* 


Epwarp A. Masont 
Naval Research Laboratory, Department of Chemistry, University of Wisconsin, Madison, Wisconsin 


(Received July 10, 1953) 


A large number of the Chapman and Cowling collision integrals have been calculated for gases obeying 


a modified Buckingham potential, 
g(r) = : [Se (l-r/rm) — *) ‘ 
1—6/ala rJ/ ¥ 


The results are tabulated over a large temperature range, kT /e from 0 to 200, and for four values of the 
parameter a, 12, 13, 14, and 15. The treatment was entirely classical, and no corrections for quantum effects 
were made. The results should be applicable to most simple, nonpolar gases, and may be used to obtain 
information about intermolecular forces from the observed temperature dependence of gaseous transport 
properties. 

The second approximation to the thermal diffusion ratio and the third approximation to the coefficient 
of ordinary diffusion have been derived according to the method of Chapman and Cowling. 

Evaluation of the potential parameters for specific substances and applications of the results will be 


published later. 





I. INTRODUCTION 


HE influence of intermolecular forces on the trans- 

port properties of gases is well known, and 
information concerning intermolecular forces may be 
obtained from the temperature variation of gaseous 
transport coefficients by means of the theory developed 
by Enskog! and by Chapman.” Such information is 
useful in correlating other properties of gases, as well as 
properties of the liquid and solid states. 

The theory of Enskog and Chapman depends on the 
following assumptions: (1) only binary collisions 
between molecules are important; (2) the binary col- 
lisions are elastic; (3) the intermolecular force field is 
spherically symmetric; (4) molecular collisions are 
adequately described by classical mechanics. Thus the 
theory applies strictly only to monatomic gases at 
moderate pressures and at temperatures high enough 
that quantum effects are negligible. The extent to 
which the theoretical relations do not apply when 
conditions (2) and (3) are not met is not yet known.’ 
However, the theory has had success in correlating 
transport phenomena in polyatomic gases, so that these 
conditions may not be a severe limitation.‘ 

In order to obtain specific information about inter- 
molecular forces from transport phenomena, it is neces- 
sary to assume an analytical form for the intermolecular 
potential, calculate from this the Enskog-Chapman 


* This work was supported in part by Contract N7onr-28511 
with the U. S. Office of Naval Research. 

t National Research Fellow, 1952-1953. Present address: De- 
partment of Chemistry, Pennsylvania State University, State Col- 
lege, Pennsylvania. 
asty Enskog, Physik. Z. 12, 56, 533 (1911); Inaug. Diss. Upsala 


*S. Chapman, Trans. Roy. Soc. (London) A211, 433 (1912); 
A216, 279 (1916); A217, 115 (1917). 

?In the case of the thermal conductivity it is known that the 
the Enskog-Chapman theory fails badly when energy may be 
transported by means of the molecular internal degrees of freedom. 

_*S. Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, Teddington, 
1952), second edition, p. 7. 


“collision integrals,’ or “temperature-dependent cross 
sections,’ as a function of temperature and the poten- 
tial parameters, and evaluate the parameters for any 
specified gas by comparison with collision integrals 
derived from experimental measurements. If the theory 
is correct and the chosen potential form suitable, a 
single set of potential parameters should suffice to 
describe all the transport properties of the gas, as well 
as other properties, such as the equation of state. 
Except for very simple and physically unrealistic 
potential forms, the calculation of the collision integrals 
involves extensive numerical integrations. 

The best intermolecular potential used to date for the 
study of transport phenomena is of the Lennard-Jones 
form, with a repulsion term varying as the inverse 
twelfth power of the distance of separation between 
centers of two molecules, and an attraction term varying 
as the inverse sixth power of the separation distance. 
The collision integrals for this potential have been 
evaluated independently by a number of workers,*~* 
and their results have been extensively compared with 
experiment.2““ The results obtained have not been 
entirely satisfactory, and the question arises whether this 
is primarily the fault of the theory or of an inadequate 

5 T. Kihara and M. Kotani, Proc. Phys.-Math. Soc. Japan 25, 
602 (1943). 

6 J. de Boer and J. van Kranendonk, Physica 14, 442 (1948). 

7 Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948) ; 
1343 (1949). 

8 J. S. Rowlinson, J. Chem. Phys. 17, 101 (1949). 

* (a) Hirschfelder, Bird, and Spotz, Chem. Revs. 44, 205 (1949) ; 
Trans. Am. Soc. Mech. Engrs. 71, 921 (1949); (b) Hirschfelder, 
Curtiss, Bird, and Spotz, The Molecular Theory of Gases and 
Liquids (John Wiley and Sons, Inc., New York, 1954), Chapter 8. 

10K. E. Grew, Proc. Phys. Soc. (London) 62, 655 (1949); K. E. 
Grew and T. L. Ibbs, Thermal Diffusion in Gases (Cambridge 
University Press, Teddington, England, 1952). 

11E, R. S. Winter, Trans. Faraday Soc. 46, 81 (1950). 

12 E. Whalley and W. G. Schneider, J. Chem. Phys. 20, 657 
1952). 

13 B. N. Srivastava and M. P. Madan, Phil. Mag. 43, 968 (1952) ; 

Proc. Phys. Soc. (London) A66, 277 (1953); J. Chem. Phys. 21, 


807 (1953). 
14 Amdur, Ross, and Mason, J. Chem. Phys. 20, 1620 (1952). 
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Fic. 1. A typical intermolecular potential energy curve. 


potential form. That the Lennard-Jones (12-6) poten- 
tial is not entirely adequate is shown by lack of complete 
agreement between theory and experiment even for the 
rare gases. 

It is the purpose of the present article to describe 
calculations of the Enskog-Chapman collision integrals 
for a more realistic potential form than has been used 
previously. It is hoped that some light may be thrown 
on the reasons for the present lack of complete agree- 
ment between theory and experiment. The inverse 
sixth-power term in the Lennard-Jones (12-6) potential 
represents the leading term in the theoretical form for 
the dispersion energy, but the inverse twelfth power is 
only an empirical approximation to the repulsion 
energy, and is not expected to be accurate over a large 
range of separation distance. There is a considerable 
amount of theoretical and experimental evidence which 
indicates that the repulsion energy is more suitably 
described by an exponential form.'*-* Accordingly we 
have chosen the form 


BY pnutstuaill oo 1) 
ea uy } ; 


15 C, Zener, Phys. Rev. 37, 556 (1931). 
16R, H. Fowler and E. A. Guggenheim, Statistical Thermo- 
dynamics (Cambridge University Press, Teddington, 1939), pp. 
276-279, 291-294, give a summary of the evidence prior to 1939. 
17R, A. Buckingham and J. Corner, Proc. Roy. Soc. (London) 
A189, 118 (1947); J. Corner, Trans. Faraday Soc. 44, 914 (1948). 
18], Amdur, J. Chem. Phys. 17, 844 (1949). 
( 19 mR L. Yntema and W. G. Schneider, J. Chem. Phys. 18, 646 
1950). 
2% M. Kunimune, J. Chem. Phys. 18, 754 (1950) ; Progr. Theoret. 
Phys. (Japan) 5, 412 (1950). 


where ¢(r) is the potential energy of the molecules at 
separation distance 7, —e is the minimum potential 
energy, 7 is the value of r for which g(r) is a minimum, 
and a@ is an additional parameter which may be con- 
sidered a measure of the steepness of the repulsion 
energy. The next higher term in the dispersion energy, 
a term varying as 7~* and representing the dipole- 
quadrupole energy, has not been included since the 
same effect as adding such a term may be achieved to 
a good approximation by a variation of the parameter a. 

A typical potential energy curve is shown in Fig. 1. 
A more easily visualized measure of the steepness of the 
repulsion energy than a is the ratio ¢/rm, where a is the 
value of r for which g(r)=0. Table I gives o/r, as a 
function of a; included for comparison is ¢/rm for the 
Lennard-Jones (12-6) potential. A potential of the 
form of Eq. (1) was derived theoretically by Slater and 
Kirkwood” for the special case of helium, but its use as 
a semi-empirical form and its extensive application has 
been carried out mainly by Buckingham.” This poten- 
tial has the defect that at a small separation distance, 
Tmax, it has a spurious maximum, and approaches minus 
infinity as r approaches zero. Therefore Buckingham 
usually has used Eq. (1) only for r>r,, and for r<rm 
has used another form in which the inverse sixth-power 
term of Eq. (1) was multiplied by another exponential 
term to prevent the potential from having a maximum. 
However, the maximum occurs at such high energies 
that it has little effect on ordinary thermal collisions, 
and we believe it is preferable to use Eq. (1) for 
r>?max, and to set the potential equal to infinity for 
r <1max- We have called this form a modified Bucking- 
ham potential, which might be referred to as the 
“Exp-Six’”’ potential. 


II. GENERAL FORMULAS 


According to the theory of Enskog and Chapman, the 
transport phenomena depend on the intermolecular 
potential through collisions of single pairs of molecules, 
and the only feature of a collision which it is necessary 
to consider is the angle of deflection x, through which 
the relative velocity vector of a pair of molecules 
under consideration is rotated by the collision. The 
angle x is given by **:4 


x(o,0)=1—26 f [1—8?/r?—2¢(r)/pv? }4dr/r*, (2) 


where v is the absolute value of the relative initial 
velocity of the pair of molecules, b, the collision param- 


21 J. C. Slater, Phys. Rev. 32, 349 (1928); J. C. Slater and J. G. 
Kirkwood, Phys. Rev. 37, 682 (1931). 

2 R. A. Buckingham, Proc. Roy. Soc. (London) A168, 264 
(1938) ; H. S. W. Massey and R. A. Buckingham, Proc. Roy. Soc. 
(London) A168, 378 (1938) ; A169, 205 (1938) ; Buckingham, Ham- 
ilton, and Massey, Proc. Roy. Soc. (London) A179, 103 (1941); 
R. A. Buckingham and R. A. Scriven, Proc. Phys. Soc. (London) 
65, 376 (1952). 

23 E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938), pp. 115-122. 

24 See reference (9b), Chapter 1. 
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eter, is the perpendicular distance between one of the 
molecules and the initial line of relative approach of 
the other, u is the reduced mass of the colliding pair, and 
r, is the distance of closest approach during the collision, 
given by 

1—B?/r?—2¢(r-)/pv?=0. (3) 


The reduced velocity-dependent cross sections S“(K) 
are determined from x by 


11+(-—1)! 
XG) (x)= 1-- | 


— 
ff d-costosas, () 

1+] 0 

where we have introduced the reduced quantities 

K=pv?/2e and B=b/rm. Finally, the reduced collision 

integrals, which directly determine the transport proper- 

ties, are 


) 


ato (4) =I meee eke 


0 


XK"H§(K)dK, (5) 


where 7*=kT/e, k is Boltzmann’s constant, and T is 
the absolute temperature. The cross sections have been 
reduced by dividing by zr7,,”, and the collision integrals 
are just the Q(z) of Chapman and Cowling,”> divided 
by their values for rigid spheres of diameter 7,,. Thus 
S§®(K) and Q“™)*(7*) are unity for rigid spheres. 

The values of the transport coefficients may be ex- 
pressed as infinite series, and higher approximations to 
the coefficients are obtained the more terms of the series 
that are taken. Fortunately, the convergence is rapid, 
and very few terms are needed. The coefficient of vis- 
cosity, n, of a pure gas is 


5 /MRT\3 ra 
7 ) N m2?" (T*) 








n= (6) 


16 


where M is the molecular weight, R is the gas constant 
per mole, V, is Avogadro’s number, and f, represents 
the infinite series, and is a complicated function of the 
collision integrals. The term f, is nearly unity, and is 
aslowly varying function of 7*; in Appendix I the ex- 
pression for the first three terms of f, is given in terms 
of the collision integrals. 

The coefficient of thermal conductivity, A, of a pure 
gas is 

25/RT\? C, tw 


— 32N aM) Nop? 222° (T*) 





r (7) 


where C, is the molar heat capacity at constant volume 
of the gas, and f, is a term similar to f,. The first three 
terms of f, are given in terms of the collision integrals 
In Appendix I. The formula (7) does not take account 


of the large amount of energy transported by the 


6 See reference 4, pp. 157, 160. 
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internal degrees of freedom of the molecules, and thus 
applies only to monatomic gases. An approximate cor- 
rection for this extra energy transport may be made 
by multiplying the right-hand side of Eq. (7) by the 
“Eucken factor,’*-*8 which is usually taken to be 
(9y/10—1/2), where y is the ratio of the constant- 
pressure heat capacity to the constant-volume heat 
capacity of the gas. No exact method for making this 
correction has yet been worked out. 

The coefficient of mutual diffusion of a binary 
mixture of gases of types 1 and 2 is 


‘ 3 (—* =) fo 
win M,M, 1(fm)12?Q12*(T*) 





(8) 


where Dj» is the mutual diffusion coefficient, M; and M2 
are the molecular weights of the species 1 and 2, and n 
is the total molecular density. The subscripts 1, 2 refer 
to an interaction between a molecule of type 1 and one 
of type 2. The term fp is a very complicated function 
not only of 7*, but also of M;, M2, and the composition 
of the diffusing mixture. The dependence of D2 on the 
composition is entirely contained in this term, as well 
as the dependence of Diz on 1-1 and 2-2 molecular 
interactions. The third approximation to fp is given 
in Appendix I. It seemed worthwhile to extend the 
expressions for the diffusion and thermal diffusion coef- 
ficients to one more approximation than has previously 
been used for a realistic intermolecular potential, inas- 
much as there is evidence” that the lower approxima- 
tions might differ from the limiting theoretical values 
by amounts greater than the error involved in deter- 
mining the quantities experimentally. The expression 
for the self-diffusion coefficient, Di;, is obtained from 
Eq. (8) by setting M,=M, and deleting the subscripts 
eS 

The general expression for the thermal diffusion ratio 
is quite complicated, and for computational purposes is 
perhaps best expressed in the determinant notation of 
Chapman and Cowling. In this form, the expression for 
the mth approximation to the thermal diffusion ratio, 


TABLE I. Ratio of the low velocity collision diameter, ¢, to the 
position of the minimum, fm. 








a 





12 

13 

14 

15 
Lennard-Jones (12-6) 








26 A. Eucken, Physik. Z. 14, 324 (1913). 
27 See reference 4, pp. 237-240. 
28 See reference 9b, Chapter 7. 
29 See reference 4, pp. 169, 196. 








172 





[kr |m, of a binary mixture is 


M,+M; ; M,+M, ; 
%1 Gor (-——) + x2 Qo” (——) 
5 2M, 2M» 


k na_—~ ’ 
Lkr] : ne 
(9) 


where x; and x2 are the mole fractions of the two com- 
ponents. @“” is a determinant of (2m+1) order, whose 
general term is a;;, where i and j range from —m to m. 
@,; is the minor of @“” obtained by striking out the 
row and column containing a;;. The elements a;; are 
functions of the collision integrals 2“™)*, the molecular 
weights of the component gases, and the composition 
of the mixture. The expressions for the a,; for m=2 are 
given in Appendix I. 

For binary mixtures of heavy isotopes, where the 
forces between the different molecular species are the 
same, Eq. (9) may be put into a simpler form by ex- 
panding the determinants in powers of the small quan- 





TaBLE II. Conditions for orbiting. 











a K Bo yo vy 
12 0.4 1.7916 1.4468 0.9694 
Ko=0.78101 1.5835 1.1849 1.1849 
13 0.4 1.7716 1.4353 0.9649 
0.8 1.5636 1.2098 1.1076 
Ko=0.82691 1.5530 1.1708 1.1708 
14 0.4 1.7555 1.4253 0.9621 
0.8 1.5530 1.2209 1.0710 
Ko=0.86809 1.5281 1.1594 1.1594 
15 0.4 1.7421 1.4166 0.9604 
0.8 1.5437 1.2248 1.0504 
Ko=0.90530 1.5075 1.1498 1.1498 








tity (Mi—M>2)/(M.i+M:;), and keeping only the first 
power. To this order of approximation, 


M,-—M, 
(tr In= Chr n( <n (10) 
M 


1 2 


where [kr*], is a reduced thermal diffusion ratio, and 
is a function of the reduced temperature alone. Since 
the expression for [k7*]» in terms of the collision inte- 
grals is complicated, it is placed in Appendix I. We 
prefer the function kr* to the more frequently en- 
countered Rr, for reasons which are discussed in detail 
at the end of Appendix I. The two functions are very 
simply related: Rr= (118/105)kr*. 

For mixtures of gases, the following three ratios of 
collision integrals occur frequently : 


A*= Q19%2)*/Q) 94D", 
B*=[5Q 49% :?* — 40) 91 9)*1/Q90-D*, (11) 
Ct= Qo ?)*/Q) 90D", 


These quantities are equal to unity for rigid spheres. 


EDWARD A. MASON 


III. NUMERICAL CALCULATIONS 


The first step in the evaluation of the collision inte- 
grals is the calculation by numerical integration of the 
angle of deflection, x, as a function of v, 6, and the 
potential parameters. Equation (2) is inconvenient for 
numerical computations because the integrand becomes 
infinite at the lower limit of the integral. This singu- 
larity may be removed by substituting into Eq. (2) the 
value of 6 from Eq. (3), and making the change of 
variable sind=r,/r, after which Eq. (2) may be rear- 
ranged into the form 





2B 7”? sin’6+ sin‘ 
as 
y “0 K(1—6/a)y° 
(6/a)e™ /e-% sin?6—e~av/sindy 7-4 
( )| d0, (12) 
K(1—6/a) cos’”é 


where y is the reduced distance of closest approach, 
r-/%m, and 8 is the reduced collision parameter, b/rm, 
given by 


1 6 1\7} 
p= 1-——__(-~eet-v -— , (13) 
K (1—6/a) \a v6 


The integration in Eq. (12) was performed numerically, 
the integrand being evaluated at intervals of 6=7/60 
in cases where the integrand varied rapidly with 6, but 
otherwise at intervals of 6=2/20 or 7/12, depending 
on the behavior of the integrand. The integrand in Eq. 
(12) becomes indeterminate at 0=72/2, but may be 
shown by L’Hospital’s Rule to approach the limit 


i 
. (14) 


The numerical integration of Eq. (12) was sufficient to 
determine x to a few ten-thousandths of a radian. 
Values of x, together with the corresponding values of 
8, have been tabulated as a function of y and K for 
a=12, 13, 14, and 15; the length of the tabulations 
prevented their publication in the present paper.” The 
tabulations cover thirteen values of K for each value 
of a, as in Table III, and an average of about 20 values 
of y for each K. The size of the intervals on y varies 
from 0.0050 to 0.40, depending on the behavior of x, 
and was chosen so as to obtain an accuracy of 0.1 percent 
in the integration for S“ (K). 

The calculation of x was complicated by the fact 
that for some collisions which occur at less than 4 
certain critical energy, Ko, the molecules may “orbit” 
around each other for an indefinite number of revolu- 
tions, and x consequently tends to minus infinity. Such 
orbiting collisions have been discussed in connection 
with the Lennard-Jones. (12-6) potential,”"* and the 
same general behavior is observed with the presen! 


i- + =f 
K(1—6/a)y® K(1—6/a)\ 2 





| 2 (6/a)ex"-») ay 
an 


%® Multigraphed tables may be obtained from the author 
request. 









poter 
is a ¢ 
occur 
appre 
betwe 
The | 
of Ec 
that : 
soluti 


1- 


which 
Bo ma 
Eq. (3 
as V1, 
calcul 
(12) 
y= Yo 
the sa 
values 
Yo, an 
Yo and 

For 
totic s 


which 
Pearln 
To 
Eq. (4 
toy, a 


S®(K 


i 
where ‘ 
the red 
collisio 
out nu 


functio 
of calc 


I. Amdu 





TRANSPORT PROPERTIES OF GASES 


potential. For energies equal to or less than Ko, there 
is a critical value of beta, Bo, for which orbiting will 
occur. There are two values of the distance of closest 
approach, y, which corresponds to {o; values of y 
between these two critical ones cannot occur physically. 
The larger y, designated as yo, will cause the integrand 
of Eq. (12) to become infinite at the upper limit, so 
that the value of yo may be determined by numerical 
solution of the equation, 





2 (6/a)e%-vo) (= 
= ' 


i- + ~*-1)=0, (15) 
K(1i—6/a)yo® K(i—6/a) \ 2 
which is obtained from Eqs. (12) and (14). The value of 
8) may be found by substituting the value of yo into 
Eq. (13) and solving. The smaller value of y, designated 
as y1, also satisfies Eq. (13) with B= 80, and may be 
calculated in this way. At y=¥y, the integrand of Eq. 
(12) becomes infinite for 9=arc sin(y:/yo). Between 
y=Yo and y=¥; there are two values of y which give 
the same 6 when substituted into Eq. (13), but these 
values are without physical significance. Values of Bo, 
yo, and y; for several values of K are given in Table IT; 
yo and y; become equal at K= Ko. 
For small values of x, it is useful to have the asymp- 
totic series, valid for large values of y: 








—"| 1 "| 1 ] 
x= ——_—_ —_— — see 
16LK(1—6/a)y®} 1024LK(1—6/a)y® 


(6/a)e*"-Y /ray\? 1 9 
poe (=) (1-4 --), 6 
K(1—6/a) \ 2 8ay 32(ay)? 


which was obtained by the method of Amdur and 
Pearlman.*! 

To evaluate the cross sections S“(K) defined in 
Eq. (4), the integration variable was changed from B 
to y, and Eq. (4) transformed to 


S®(K)= 





2 [ ) 
i— l 
tC D ji a 
—_—- 





(1 : 42 1) dy, (17) 
K(1—6/a)y>_ K(1—6/a) \ 2 r 


where y is the value of y for which 8=0, and represents 
the red iced distance of closest approach for a head-on 
collision Most of the integration could then be carried 
out numerically, using the values of x tabulated as a 
function of y for a given K and a. To avoid the necessity 


of calculating accurate values of y, from Eq. (13), the 
ee 

“I. Amdur and H. Pearlman, J. Chem. Phys. 9, 503 (1941); 
L Amdur, J. Chem. Phys. 15, 482 (1947). 
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numerical integration was started from a lower limit 4 
which was slightly greater than y,, and the integration 
from y, to ya executed as follows. Equations (12) and 
(13) were differentiated to form (dx/d8) in terms of x 
and 8 for the limit of 6-0. Solution of the resulting 
differential equation then showed that x varied linearly 
with 8 when 6 was near zero, so that the integration 
from y- to ys could be performed analytically. The 
equations obtained for these small contributions to the 
cross sections are: 


28.4? 
re cos(r—x.a) | 


a XA 
26.4” 
+—-— sin (r—x<a), 
T—XA 


A®(K)=Ba— 


9 


« 


Ba 
—[1—cos2(r- x.) ] 
™—xa)? 


3 3 
A® (K)= “Batt 


3 Ba? 


sin2(r— x4), 
4m4—xaA , 


9 
v4 


1 
A® (K)=B842—— ———[1—cos3(r— xa) ] 
18 (t™—xAa)? 


A 
oe = oo weal 
—<,_ 


1 Ba? 
-— 
67—XxAa 


sin3 (r—x 4) 


3 Be 
+- sin(r—x~), 
2 W—XA 


25 5 Ba® 
A (K)=—6.?-+——- ———_[1—cos4(x— xa) ] 
32 256 (r—xa)* 


ite 1—cos2 
16 G@oxa) cos2(r— xa) ] 


Ss B64 


64 7—x4 


sin4 (r—xa) 


5 Ba? 


8m—XxaA 


sin2(4— XA), 


where the A“(K) are the contributions to the S“(K) 
for the range y, to ya, and 6,4 and xz, are the values of 
8 and x corresponding to y4. The numerical integration 
of Eq. (17) when no orbiting occurred (K>Ko) was 
carried out from y4 to yz, where yz was a large value 
of y, and the remainder of the integration, from yz to 
infinity, carried out by substituting the small angle 
formula, Eq. (16), into Eq. (17), expanding (1—cos'x), 











and integrating analytically to yield: 


ip 11+(-1)! 
[1—- ———— Jrercn) 
2 14 


1Sr\? 1 

“ 7) “a EF Cracrswet 
25 1 3 
po opecrner 

150\ (6/a)ex-¥) 7 In \! 

es, K(1—6/a) is) 


37 823 
x{1-—+——_-. 
8aVz 32 (ayz)? 


l 











| (19) 


where F“(K) is the contribution to S“(K) for the 
range yz to infinity. 

When K is equal to or less than the critical energy for 
orbiting, Ko, numerical integration of Eq. (17) cannot 
be carried out over the entire range from ya to ye 
because: (1) the region from y; to yo is physically inac- 
cessible, and in fact x is imaginary there; (2) the 
integrand oscillates violently near y; and yo, where x 
goes to minus infinity. For K<Ko the integral from 
ya to yg was therefore broken up into four integrals: 
BO (K), C®(K), D©(K), and E®(K). The integral 
B®(K) extended from y, to yg, where yz was slightly 
less than y;, and was evaluated numerically. Similarly, 
the integral E™(K) extended from yp, where yp was 
slightly greater than yo, to yz, and was also evaluated 
numerically. The integrals C (K) and D™ (K), cover- 
ing the regions yg to y; and yo to yp, respectively, were 
calculated by the method of Hirschfelder, Bird, and 
Spotz,’ in which x is represented near the regions of 
orbiting by equations of the form 


x’?= const/(6?— By’), (20) 


and Eq. (4) is integrated analytically between the 
proper limits. The results of this integration are: 


C (K) = (80?—8s")[1—cosxs+xz sinxs 
—xs°Ci(—xz) ], 
C® (K) = } (6c? —Bz")|1—cos2xa+ 2x2 sin2xe 
—4y p°Ci(— 2x8) J, 
C® (K)=}(Bc?—Bs)4—cos3x2—3 cosxa+3xe sin3xz 
+3xB sinx a—9xB°Ci(— 3x3) (21) 
— 3x8°Ci(—xz) ], 
C (K) = #5 (Bce?— Bz”) [5—cos4x2—4 cos2xz 
+4xe sin4xe+8xe sin2x ez 
— 16x 8°Ci(—4x 8) — 16x 2°Ci(—2x2)], 
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where 2 and xz are the values of 6 and x corresponding 
ing to yg, and Ci(— xz) is the cosine integral, a tabu- 
lated function,” defined as follows: 


* cost 
(21b) 
- © 
The D®(K) are of the same form as the C“(K). 
The cross sections S“(K) are not convenient to use 
directly, since they vary rapidly when K is small, and 
tend to infinity as K goes to zero. Kihara and Kotani 
have shown! that in the limit K—0, the cross sections 
are independent of the potential energy of repulsion, 
and depend on the attraction energy alone. From this 
it is easy to show that the S“(K) are proportional to 
[K(1—6/a) }-! for K-0; we therefore define the func- 
tions R (K): 

R (K)=[K(1—6/a) }§S (K), (22) 
which are given in Table III, and plotted for a=12 
and 15 in Fig. 2 for the two most important cases, /=1 
and 2. For comparison, the analogous functions for the 
Lennard-Jones (12-6) potential are also plotted. Since 
R (0) is independent of the repulsion, the values given 
in the table for /=1 and 2 were taken directly from 
Kihara and Kotani. For /=3 and 4, the values of 
R“ (0) were obtained by extrapolation, a procedure 
which is permissible because these functions occur in 
the expressions for the transport properties only as 
correction terms. 

For use in evaluating the collision integrals, the cross 
section functions were approximated by the following 
algebraic expressions: 


R®(K)=R® (0) (14.0,%K'+a,%K)), 
S(K)=a,%K?+a,9K+4a,9+a.K- 
+a;%K~, 08<K <2; 

S® (K) = as K+ 45+ 010 K+ a1 K~ 

S (K)=ag+ a9 K-+ ayo K2-+- a, K-34, 1 
2<K<10; (23) 

S© (K) = 012+ 013 K-* ayy K+ a5 K-4, 
10<K<o. 


0< K<08; 

















s 2 @ | 23 5 10 =620 50 100 


Fic. 2. The cross-section functions, R“ (K). Solid lines: Exp-Six 
potential; broken lines: Lennard-Jones (12-6) potential. 


® Federal Works Agency, Work Projects Administration for the 
City of New York, Tables of Sine, Cosine, and Exponential I ntegrals 
(1940), Vol. II; Table of Sine and Cosine Integrals (1942). 
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TABLE III. Cross-section functions, R™(K). 








RO (K) 
12 13 14 15 


xy 
Z 
R 





1.5778 1.5778 1.5778 1.5778 
1.5701 1.5588 1.5495 1.5490 


1.5327 

1.5277 1.5275 
1.5178 1.5320 1.5282 
1.4083 1.4566 1.4811 
1.2271 1.3027 1.3282 
1.1336 1.2073 1.2350 
1.0361 1.1177 1.1509 
1.0119 1.1018 1.1366 
1.0109 1.1070 1.1443 
1.0646 1.1865 1.2356 
1.1546 1.3107 1.3769 
1.2824 1.5069 1.6000 
1.3676 1.6579 1.7811 


1.5280 
1.5297 
1.4392 
1.2714 
1.1743 
1.0805 
1.0613 
1.0626 
1.1297 
1.2401 
1.4032 
1.5226 


R®)(K) 


1.7865 
1.7936 


1.8001 
1.7864 
1.8727 
1.8688 
1.7333 
1.4921 
1.3870 
1.3489 
1.3676 
1.4972 
1.7233 
1.9129 


ANOcCOnN > 


1.7865 
1.7923 
1.7991 


1.8357 
1.8941 
1.8344 
1.6929 
1.4442 
1.3418 
1.2986 
1.3051 
1.4141 
1.6063 
1.7599 


1.7865 
1.7985 


1.8060 
1.7959 
1.8627 
1.8826 
1.7587 
1.5288 
1.4305 
1.3918 
1.4200 
1.5605 
1.8294 
2.0461 


1.7865 
1.7980 


1.8045 
1.7984 
1.8304 
1.8918 
1.7726 
1.5621 
1.4619 
1.4274 
1.4689 
1.6272 
1.9171 
2.1613 


R®)(K) 


(1.8236) 
1.8005 


1.7749 
1.7833 
1.6930 
1.6333 
1.5665 
1.4012 
1.3167 
1.2776 
1.2875 
1.3993 
1.6047 
1.7641 


R@(K) 


(1.9100) 
1.9208 


1.9178 
1.9191 
1.9948 
1.9878 
1.9176 
1.7026 
1.5623 
1.4941 
1.4514 
1.5670 
1.8089 
2.0136 


(1.8236) 
1.8115 
1.7831 


1.7796 
1.6788 
1.6121 
1.5325 
1.3587 
1.2689 
1.2256 
1.2222 
1.3151 
1.4922 
1.6115 


(1.8236) 
1.7938 


(1.8236) 
1.7987 


1.7745 
1.7797 
1.7285 
1.6595 
1.6151 
1.4692 
1.3934 
1.3574 
1.3893 
1.5363 
1.7928 
2.0141 


1.7821 
1.7778 
1.7042 
1.6433 
1.5884 
1.4376 
1.3557 
1.3206 
1.3447 
1.4632 
1.7045 
1.8980 


ANoowon- 


(1.9100) 
1.9335 
1.9345 


1.9330 
2.0278 
1.9600 
1.8895 
1.6584 
1.5197 
1.4433 
1.3868 
1.4838 
1.6931 
1.8636 


(1.9100) 
1.9225 


1.9221 
1.9065 
1.9907 
1.9770 
1.9300 
1.7363 
1.6045 
1.5328 
1.4987 
1.6252 
1.9105 
2.1450 


(1.9100) 
1.9274 


1.9586 
1.9107 
1.9674 
1.9983 
1.9258 
1.7663 
1.6348 
1.5705 
1.5488 
1.6893 
1.9954 
2.2558 








This curve-fitting procedure effectively permits the 
extrapolation of the S®(K) to infinite K, which is 
hecessary because the potential energy function ¢(r) of 
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Eq. (1) misbehaves for very small values of r by 
becoming negative. 

The final integrations with respect to K to obtain the 
collision integrals defined in Eq. (5) could be carried 
out by replacing S“(K) in Eq. (5) by the algebraic 
expressions obtained from Eqs. (22) and (23). For 
K>0.8, the resulting integrals could be easily evaluated 
in terms of elementary functions and error integrals, 
which are tabulated functions. For K<0.8, the inte- 
grations were performed numerically for large 7%, 
where this region did not contribute greatly to the 
result, and for small 7* by means of incomplete gamma 
functions tabulated by Kotani.* In practice it turned 
out to be easier also to integrate numerically for K>0.8 
when 7* was large. For numerical integrations, the 
algebraic expressions in Eq. (23) were used only as 
interpolation functions to obtain values of S“(K) at 
small intervals of K. 

The collision integrals are not especially well suited 
to tabulation because their rapid variation for small 7* 
makes interpolation difficult unless the tabulations are 
made for small intervals of T*. A more suitable function 
for tabulation is 


Zn) (T*) =[T*(1—6/a) Q"*(T*), (24) 


This function varies relatively slowly with 7*, and 
unlike Q%”*(7*) is finite and independent of the 
parameter a when T7*=0. The functions Z“™(7*) are 
tabulated in Table IV for 7* from 0 to 200. The in- 
herent computational error is estimated to be of the 
order of 0.2 percent, except for very small 7*, where it 
may be as large as one percent. To maintain internal 
consistency, more figures are given in Table IV than is 
strictly justified by the estimated error. The reason for 
the lower estimated accuracy at small 7* is that the 
cross-section functions R“(K) seem to have an oscil- 
latory behavior when K is small, but no attempt was 
made to follow this behavior in detail since many cal- 
culations at closely spaced values of K would have been 
necessary. The labor involved did not seem worth while, 
particularly since the neglect of quantum corrections at 
low K is probably a much more serious error. 


IV. ADDITIONAL TABULATIONS 


In Table V are presented the functions, f, which give 
the higher approximations to the transport coefficients 
for pure gases; the superscripts indicate that these are 
the third approximations rather than the exact values. 
The function fp for a pure gas refers to the coefficient 
of self-diffusion. 

The second approximation to the reduced thermal 
diffusion ratio for a binary mixture of heavy isotopes, 
[kr* ]2, is given in Table VI as a function of 7*, and 
plotted in Fig. 3 for a=12 and 15. For comparison, the 


% M. Kotani, Proc. Phys.-Math. Soc. Japan 24, 76 (1942). 
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TABLE IV. Collision integral functions. 








R 
i 
_ 
tR 


Z@.n)(T*) =[T*(1 —6/a) PA2)* (TH), 


Za.) 


Z11,.2) 


Z41,3) 


Z(,4) 


T* =kT/e. 
Z4,5) 


Z%,3) 


Zn)(T*) =[T*(1 —6/a) JiQ@.n)* (TH), 


Z(,2) 


Z@,3) 


Z°2.4) 


Z(2.5) 


T* =kT/e. 
Z(2,6) 


Z (4,4) 





T* 
0 
0. 
0. 
0 
0 
0 
0. 
0. 
0. 
0. 
1 
1 
1 
1 
1 
2. 
2. 
3. 
3. 
4 
5 
6 
7 
8 
9 

10 

12 

14 

16 

18 

20 

25 

30 

35 

40 

45 

50 

60 

70 

80 

90 

100 
200 


WMONSMHARNOOSCBOUAnRwWNE 


1.1870 
1.1911 
1.1662 
1.1243 
1.0750 
1.0282 
0.9873 
0.9530 
0.9248 
0.9016 
0.8825 
0.8541 
0.8350 
0.8221 
0.8135 
0.8080 
0.8023 
0.8031 
0.8070 
0.8126 
0.8253 
0.8384 
0.8509 
0.8623 
0.8730 
0.8829 
0.9002 
0.9150 
0.9280 
0.9394 
0.9497 
0.9710 
0.9885 
1.0032 
1.0157 
1.0270 
1.0371 
1.0549 
1.0700 
1.0834 
1.0959 
1.1071 
1.1906 


1.0551 
1.0523 
1.0142 
0.9515 
0.8900 
0.8402 
0.8025 
0.7745 
0.7538 
0.7387 
0.7272 
0.7130 
0.7058 
0.7028 
0.7025 
0.7037 
0.7104 
0.7195 
0.7288 
0.7382 
0.7556 
0.7709 
0.7842 
0.7961 
0.8067 
0.8160 
0.8322 
0.8457 
0.8572 
0.8674 
0.8762 
0.8951 
0.9103 
0.9232 
0.9346 
0.9446 
0.9538 
0.9701 
0.9846 
0.9973 
1.0091 
1.0201 
1.1038 


0.9672 
0.9584 
0.9025 
0.8232 
0.7597 
0.7160 
0.6870 
0.6679 
0.6555 
0.6475 
0.6425 
0.6385 
0.6388 
0.6414 
0.6451 
0.6496 
0.6616 
0.6735 
0.6847 
0.6950 
0.7129 
0.7280 
0.7409 
0.7520 
0.7618 
0.7702 
0.7848 
0.7969 
0.8074 
0.8164 
0.8245 
0.8415 
0.8555 
0.8674 
0.8781 
0.8876 
0.8965 
0.9123 
0.9264 
0.9388 
0.9504 
0.9615 
1.0462 


0.9027 
0.8883 
0.8113 
0.7239 
0.6667 
0.6328 
0.6131 
0.6019 
0.5959 
0.5930 
0.5923 
0.5942 
0.5985 
0.6039 
0.6096 
0.6155 
0.6296 
0.6425 
0.6541 
0.6644 
0.6819 
0.6962 
0.7081 
0.7185 
0.7272 
0.7351 
0.7485 
0.7594 
0.7690 
0.7773 
0.7846 
0.8007 
0.8138 
0.8253 
0.8355 
0.8450 
0.8535 
0.8691 
0.8827 
0.8957 
0.9074 
0.9184 
1.0049 


0.8572 
0.8320 
0.7338 
0.6475 
0.6005 
0.5764 
0.5643 
0.5589 
0.5572 
0.5576 
0.5593 
0.5646 
0.5711 
0.5779 
0.5845 
0.5910 
0.6059 
0.6180 
0.6305 
0.6404 
0.6572 
0.6705 
0.6817 
0.6912 
0.6993 
0.7066 
0.7189 
0.7292 
0.7380 
0.7459 
0.7530 
0.7682 
0.7808 
0.7921 
0.8021 
0.8114 
0.8199 
0.8355 
0.8495 
0.8622 
0.8743 
0.8853 
0.9729 


1.1178 
1.1079 
1.0704 
1.0161 
0.9641 
0.9194 
0.8828 
0.8536 
0.8305 
0.8125 
0.7985 
0.7793 
0.7684 
0.7625 
0.7601 
0.7600 
0.7654 
0.7746 
0.7853 
0.7963 
9.8174 
0.8364 
0.8533 
0.8680 
0.8813 
0.8929 
0.9133 
0.9301 
0.9444 
0.9568 
0.9680 
0.9910 
1.0094 
1.0250 
1.0385 
1.0508 
1.0614 
1.0807 
1.0978 
1.1129 
1.1265 
1.1391 
1.2356 





yh 


nN 


Z(2.2) 


Z°,3) 


Z(2.4) 


(Z2,5) 


Z@,6) 


Za) 





— 


SOBNIAMNEHwHWHN ERR OOODOOSCOCS 
WUONSBARNOOOUAURwWHE 


1.1947 
1.1983 
1.2098 
1.2065 
1.1799 
1.1421 
1.1028 
1.0667 
1.0352 
1.0084 
0.9859 
0.9520 
0.9290 
0.9137 
0.9039 
0.8978 
0.8930 
0.8963 
0.9033 
0.9122 
0.9313 
0.9503 
0.9681 
0.9845 
0.9995 
1.0133 


1.0951 
1.1002 
1.1094 
1.0936 
1.0471 
0.9974 
0.9538 
0.9185 
0.8907 
0.8692 
0.8528 
0.8309 
0.8189 
0.8130 
0.8111 
0.8116 
0.8189 
0.8300 
0.8423 
0.8546 
0.8778 
0.8987 
0.9172 
0.9339 
0.9488 
0.9624 


1.0221 
1.0291 
1.0401 
0.9978 
0.9367 
0.8835 
0.8428 
0.8133 
0.7923 
0.7775 
0.7673 
0.7561 
0.7525 
0.7531 
0.7560 
0.7604 
0.7742 
0.7891 
0.8035 
0.8171 
0.8415 
0.8623 
0.8806 
0.8967 
0.9110 
0.9241 


0.9706 
0.9750 
0.9770 
0.9129 
0.8453 
0.7953 
0.7614 
0.7391 
0.7249 
0.7160 
0.7108 
0.7075 
0.7093 
0.7139 
0.7198 
0.7263 
0.7435 
0.7600 
0.7752 
0.7892 
0.8135 
0.8339 
0.8516 
0.8670 
0.8808 
0.8935 


0.9193 
0.9323 
0.9188 
0.8381 
0.7711 
0.7280 
0.7017 
0.6862 
0.6775 
0.6731 
0.6716 
0.6736 
0.6790 
0.6860 
0.6936 
0.7014 
0.7202 
0.7374 
0.7529 
0.7668 
0.7906 
0.8105 
0.8275 
0.8424 
0.8559 
0.8678 


1.0927 
1.1062 
1.1119 
1.0843 
1.0360 
0.9870 
0.9450 
0.9111 
0.8847 
0.8642 
0.8488 
0.8282 
0.8170 
0.8120 
0.8107 
0.8119 
0.8207 
0.8331 
0.8466 
0.8599 
0.8849 
0.9072 
0.9269 
0.9445 
0.9602 
0.9745 


1.0381 
1.0598 
1.0788 
1.0958 
1.1113 
1.1448 
1.1729 
1.1976 
1.2193 
1.2393 
1.2573 
1.2901 
1.3189 
1.3451 
1.3690 
1.3915 
1.5600 


0.9862 
1.0068 
1.0248 
1.0409 
1.0557 
1.0875 
1.1145 
1.1382 
1.1593 
1.1786 
1.1962 
1.2283 
1.2571 
1.2828 
1.3068 
1.3292 
1.4988 


0.9469 
0.9664 
0.9838 
0.9993 
1.0134 
1.0441 
1.0703 
1.0935 
1.1143 
1.1332 
1.1509 
1.1826 
1.2113 
1.2370 
1.2609 
1.2835 
1.4547 


0.9153 
0.9341 
0.9508 
0.9658 
0.9796 
1.0095 
1.0352 
1.0582 
1.0787 
1.0976 
1.1152 
1.1469 
1.7156 
1.2014 
1.2257 
1.2481 
1.4208 


0.8891 
0.9073 
0.9236 
0.9383 
0.9516 
0.9812 
1.0067 
1.0294 
1.0499 
1.0688 
1.0863 
1.1180 
1.1468 
1.1730 
1.1973 
1.2198 
1.3939 


0.9998 
1.0213 
1.0404 
1.0575 
1.0731 
1.1070 
1.1357 
1.1608 
1.1832 
1.2041 
1.2228 
1.2572 
1.2878 
1.3157 
1.3413 
1.3649 
1.5470 





Za.) 


Zi1,2) 


Z(1,3) 


Z.4) 


Z41,5) 


Z%.3) 





CONOR WWN DMS mm OO SSO S S990 
NOUNSBARNOSCMOUIAURBKHE 


1.1870 
1.1813 
1.1618 
1.1275 
1.0851 
1.0436 
1.0068 
0.9756 
0.9498 
0.9285 
0.9112 
0.8854 
0.8684 
0.8573 
0.8503 
0.8461 
0.8436 
0.8472 
0.8535 
0.8614 
0.8782 
0.8950 
0.9107 
0.9253 
0.9389 
0.9514 
0.9736 
0.9927 
1.0096 
1.0247 
1.0384 
1.0674 
1.0913 
1.1118 
1.1296 
1.1456 
1.1602 
1.1861 
1.2087 
1.2287 
1.2469 
1.2639 
1.3892 


1.0551 
1.0447 
1.0150 
0.9619 
0.9071 
0.8617 
0.8268 
0.8009 
0.7818 
0.7678 
0.7577 
0.7454 
0.7400 
0.7386 
0.7396 
0.7421 
0.7519 
0.7637 
0.7757 
0.7874 
0.8091 
0.8282 
0.8451 
0.8601 
0.8734 
0.8855 
0.9065 
0.9245 
0.9399 
0.9537 
0.9659 
0.9922 
1.0139 
1.0328 
1.0492 
1.0643 
1.0778 
1.1023 
1.1239 
1.1431 
1.1608 
1.1774 
1.3027 


0.9672 
0.9528 
0.9084 
0.8389 
0.7807 
0.7400 
0.7129 
0.6953 
0.6841 
0.6772 
0.6732 
0.6710 
0.6729 
0.6770 
0.6823 
0.6881 
0.7032 
0.7181 
0.7320 
0.7446 
0.7671 
0.7862 
0.8024 
0.8166 
0.8292 
0.8404 
0.8599 
0.8765 
0.8907 
0.9034 
0.9147 
0.9392 
0.9596 
0.9775 
0.9933 
1.0076 
1.0208 
1.0447 
1.0659 
1.0849 
1.1025 
1.1193 
1.2456 


0.9027 
0.8846 
0.8217 
0.7429 
0.6893 
0.6575 
0.6393 
0.6294 
0.6244 
0.6226 
0.6229 
0.6266 
0.6326 
0.6395 
0.6468 
0.6542 
0.6715 
0.6875 
0.7017 
0.7145 
0.7365 
0.7547 
0.7702 
0.7836 
0.7954 
0.8059 
0.8240 
0.8394 
0.8528 
0.8648 
0.8754 
0.8987 
0.9184 
0.9357 
0.9510 
0.9651 
0.9783 
1.0017 
1.0230 
1.0422 
1.0598 
1.0762 
1.2042 


0.8572 
0.8305 
0.7479 
0.6681 
0.6236 
0.6011 
0.5904 
0.5862 
0.5855 
0.5871 
0.5897 
0.5970 
0.6052 
0.6136 
0.6219 
0.6299 
0.6483 
0.6643 
0.6785 
0.6910 
0.7121 
0.7296 
0.7441 
0.7568 
0.7678 
0.7777 
0.7948 
0.8094 
0.8223 
0.8337 
0.8440 
0.8664 
0.8855 
0.9027 
0.9179 
0.9318 
0.9447 
0.9682 
0.9894 
1.0089 
1.0267 
1.0434 
1.1723 


1.1178 
1.1020 
1.0718 
1.0250 
0.9787 
0.9383 
0.9048 
0.8780 
0.8569 
0.8405 
0.8279 
0.8111 
0.8022 
0.7981 
0.7974 
0.7987 
0.8073 
0.8193 
0.8323 
0.8454 
0.8700 
0.8922 
0.9118 
0.9294 
0.9453 
0.9596 
0.9847 
1.0063 
1.0250 
1.0417 
1.0569 
1.0895 
1.1166 
1.1403 
1.1616 
1.1806 
1.1983 
1.2297 
1.2577 
1.2830 
1.3063 
1.3277 
1.4915 





Z(2,2) 


Z(2,3) 


Z(2.4) 


Z°2.5) 


Z°2,6) 


ZA) 








1.1947 
1.1985 
1.2052 
1.2056 
1.1862 
1.1549 


1.0951 
1.0994 
1.1090 
1.0977 
1.0602 
1.0164 


1.0221 
1.0269 
1.0376 
1.0077 
0.9549 
0.9059 


0.9706 
0.9709 
0.9783 
0.9278 
0.8664 
0.8190 


0.9193 
0.9265 
0.9247 
0.8562 
0.7934 
0.7519 


1.0927 
1.0986 
1.1116 
1.0944 
1.0526 
1.0076 
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TRANSPORT PROPERTIES OF GASES 


TABLE IV.—Continued. 








Z(n)(T*) =[T*#(1 —6/a) }in.=)* (T*), T* =kT/e. Z(t.n)(T*) =[(T#(A —6/a) }iat.n)* (T*), T* =kT/e. 
Z@2.2) Z:2,3) Z(2.4) Z@.5) Z2.6) ZA) Za Z1,2) Z4,3) Zu) Z,6) Z%,3) 


1.1207 0.9766 0.8676 0.7866 0.7267 0.9681 1.1802 1.1044 1.0507 1.0097 0.9772 1.2070 
1.0882 0.9436 0.8395 0.7653 0.7120 0.9360 1.2060 1.1281 1.0736 1.0320 0.9992 1.2359 
1.0594 0.9175 0.8196 0.7519 0.7043 0.9110 1.2286 1.1494 1.0940 1.0520 1.0191 1.2615 
1.0346 0.8972 0.8057 0.7439 0.7009 0.8917 1.2491 1.1685 1.1125 1.0703 1.0372 1.2848 
1.0138 0.8820 0.7965 0.7398 0.7005 0.8775 1.2678 1.1862 1.1296 1.0871 1.0538 1.3063 
0.9824 0.8618 0.7870 0.7382 0.7044 0.8590 1.3008 1.2176 1.1604 1.1179 1.0844 1.3446 
0.9613 0.8514 0.7850 0.7418 0.7118 0.8499 1.3297 1.2455 1.1877 1.1450 1.1115 1.3789 
0.9475 0.8471 0.7871 0.7481 0.7206 0.8466 1.3555 1.2708 1.2125 1.1699 1.1363 1.4095 
0.9391 0.8465 0.7916 0.7557 0.7299 0.8469 1.3789 1.2938 1.2354 1.1926 1.1595 1.4377 
0.9344 0.8484 0.7976 0.7638 0.7392 0.8496 1.4009 1.3150 1.2568 1.2141 1.1809 1.4637 
0.9327 0.8590 0.8148 0.7844 0.7615 0.8617 1.5626 1.4758 1.4185 1.3768 1.3452 1.6611 
0.9388 0.8731 0.8326 0.8040 0.7817 0.8771 
0.9485 0.8880 0.8497 0.8219 0.7998 0.8931 | °F ze) za) ZZ) 
0.9597 0.9027 0.8658 0.8381 0.8161 0.9087 
0.9831 0.9303 0.8944 0.8668 0.8443 0.9378 1.1947 1.0951 1.0221 0.9706 0.9193 
1.0058 0.9548 0.9191 0.8911 0.8679 0.9637 1.2017 1.1027 1.0301 0.9742 0.9296 
1.0270 0.9769 0.9408 0.9121 0.8885 0.9867 1.2090 1.1128 1.0416 0.9831 0.9309 
1.0464 0.9964 0.9600 0.9309 0.9066 1.0072 1.2109 1.1046 1.0168 0.9391 0.8695 
1.0643 1.0143 0.9773 0.9477 0.9230 1.0257 1.1947 1.0716 0.9690 0.8825 0.8109 
1.0809 1.0306 0.9929 0.9628 0.9377 1.0425 1.1670 1.0317 0.9235 0.8382 0.7718 
1.1105 1.0592 1.0207 0.9898 0.9641 1.0725 1.1359 0.9948 0.8878 0.8076 0.7481 
1.1363 1.0843 1.0449 1.0133 0.9871 1.0984 1.1060 0.9641 0.8615 0.7877 0.7346 
1.1595 1.1064 1.0662 1.0342 1.0076 1.1216 1.0794 0.9397 0.8428 0.7754 0.7277 
1.1801 1.1264 1.0857 1.0530 1.0262 1.1422 1.0564 0.9209 0.8300 0.7682 0.7249 
1.1991 1.1448 1.1033 1.0704 1.0432 1.1611 1.0370 0.9066 0.8215 0.7647 0.7250 
1.2406 1.1847 1.1423 1.1085 1.0812 1.2027 1.0078 0.8882 0.8132 0.7641 0.7299 
1.2758 1.2187 1.1757 1.1416 1.1138 1.2382 0.9885 0.8790 0.8122 0.7686 0.7380 
1.3066 1.2486 1.2052 1.1709 1.1430 1.2694 0.9761 0.8756 0.8151 0.7756 0.7476 
1.3344 1.2757 1.2320 1.1975 1.1694 1.2974 0.9688 0.8759 0.8205 0.7840 0.7580 
1.3595 1.3004 1.2565 1.2217 1.1937 1.3230 0.9649 0.8785 0.8271 0.7930 0.7683 
1.3826 1.3232 1.2792 1.2444 1.2165 1.3466 0.9651 0.8910 0.8464 0.8162 0.7937 
1.4243 1.3644 1.3202 1.2854 1.2577 1.3896 0.9729 0.9069 0.8666 0.8385 0.8172 
1.4615 1.4015 1.3569 1.3224 1.2945 1.4280 0.9844 0.9239 0.8862 0.8594 0.8384 
1.4951 1.4348 1.3906 1.3559 1.3282 1.4628 0.9973 0.9409 0.9048 0.8785 0.8575 
1.5262 1.4656 1.4215 1.3869 1.3595 1.4948 1.0244 0.9729 0.9384 0.9121 0.8908 
1.5546 1.4942 14500 1.4161 1.3885 1.5248 1.0507 1.0015 0.9765 0.9408 0.9188 
1.7718 1.7128 1.6699 1.6376 1.6114 1.7518 1.0755 1.0274 0.9882 0.9656 0.9428 
1.0982 1.0504 1.0154 0.9875 0.9639 


1.1192 1.0712 1.0357 1.0068 0.9827 
1.1385 1.0902 1.0539 1.0244 0.9996 
1.1870 1.0551 0.9672 0.9027 0.8572 1.1178 1.1731 1.1237 1.0859 1.0554 1.0293 
1.1727 1.0382 0.9481 0.8814 0.8287 1.0987 1.2034 1.1526 1.1136 1.0818 1.0550 
1.1575 1.0146 0.9115 0.8281 0.7571 1.0729 1.2302 1.1781 1.1379 1.1051 1.0777 
1.1286 0.9684 0.8497 0.7566 0.6836 1.0308 1.2540 1.2007 1.1596 1.1261 1.0980 
1.0914 0.9191 0.7963 0.7069 0.6420 0.9891 1.2758 1.2213 1.1792 1.1452 1.1168 
1.0542 0.8776 0.7585 0.6773 0.6214 0.9524 1.3229 1.2659 1.2222 1.1868 1.1576 
1.0208 0.8455 0.7336 0.6608 0.6121 0.9218 1.3622 1.3034 1.2583 1.2222 1.1925 
0.9924 0.8217 0.7176 0.6521 0.6091 0.8974 | 3: 1.3963 1.3363 1.2902 1.2535 1.2231 
0.9688 0.8042 0.7076 0.6483 0.6096 0.8781 1.4266 1.3653 1.3185 1.2816 1.2510 
0.9495 0.7917 0.7018 0.6476 0.6121 0.8633 1.4543 1.3917 1.3445 1.3070 1.2766 
0.9337 0.7827 0.6989 0.6488 0.6157 0.8519 1.4793 14161 1.3684 1.3308 1.2999 
0.9106 0.7724 0.6984 0.6542 0.6246 0.8373 1.5239 1.4596 1.4115 1.3735 1.3427 
0.8956 0.7686 0.7019 0.6617 0.6342 0.8300 1.5636 1.4983 1.4497 1.4118 1.3806 
0.8863 0.7687 0.7074 0.6700 0.6440 0.8273 1.5990 1.5332 1.4846 1.4463 1.4156 
0.8808 0.7710 0.7139 0.6784 0.6534 0.8277 1.6314 1.5656 1.5165 1.4782 1.4474 
0.8780 0.7747 0.7208 0.6868 0.6625 0.8300 1.6612 1.5950 1.5461 1.5079 1.4771 
0.8784 0.7871 0.7385 0.7068 0.6836 0.8406 1.8858 1.8198 1.7713 1.7344 1.7043 
0.8843 0.8011 0.7557 0.7252 0.7022 0.8545 
0.8928 0.8152 0.7716 0.7416 0.7188 0.8692 | *> — nme 2 oe ea 
0.9025 0.8288 0.7863 0.7565 0.7335 0.8840 
0.9228 0.8539 0.8125 0.7824 0.7587 0.9121 1.1870 1.0551 0.9672 0.9027 0.8572 
0.9426 0.8764 0.8349 0.8042 0.7796 0.9376 1.1722 1.0378 0.9477 0.8810 0.8285 
0.9612 0.8962 0.8543 0.8229 0.7974 0.9605 1.1577 1.0163 0.9153 0.8343 0.7655 
0.9784 0.9140 0.8715 0.8391 0.8129 0.9812 1.1320 0.9750 0.8594 0.7687 0.6970 
0.9944 0.9300 0.8867 0.8536 0.8266 0. 1.0984 0.9300 0.8099 0.7221 0.6579 
1.0092 0.9455 0.9005 0.8666 0.8390 1.0645 0.8916 0.7747 0.6944 0.6388 
1.0337 0.8618 0.7514 0.6792 0.6306 


1.0358 0.9701 0.9245 0.8893 0.8606 
1.0588 0.9918 0.9450 0.9086 0.8792 1.0075 0.8397 0.7367 0.6715 0.6285 
0.9857 0.8235 0.7278 0.6687 0.6299 


1.0794 1.0110 0.9629 0.9255 0.8956 
1.0978 1.0280 0.9789 0.9408 0.9101 0.9678 0.8121 0.7230 0.6687 0.6333 
0.9533 0.8040 0.7208 0.6707 0.6378 


1.1143 1.0436 0.9931 0.9546 0.9235 
1.1501 1.0766 1.0244 0.9844 0.9526 0.9323 0.7954 0.7218 0.6777 0.6484 
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TABLE IV.—Continued. 








Ztn)(T*) =(T*#A —6/a) }Ia(.n)* (7%), T* =kT/e. 
Za.) Z4.2) Z(1.3) Z0.4) Z4,5) Z@.3) 


W 
_ 
wn 


Z(.n)(T*) =[T*(1 —6/a) iaG.n)*(T*), T*=kT/e. 
Z(2.2) Z@.3) Z@.4) Z@.5) Z2.6) ZG.) 


wn 





0.9191 0.7931 0.7266 0.6867 0.6596 0.8548 
0.9112 0.7944 0.7335 0.6964 0.6708 0.8535 
0.9070 0.7979 0.7412 0.7063 0.6817 0.8554 
0.9054 0.8028 0.7494 0.7159 0.6921 0.8593 
0.9083 0.8179 0.7699 0.7389 0.7160 0.8734 
0.9167 0.8344 0.7896 0.7597 0.7372 0.8903 
0.9273 0.8507 0.8078 0.7783 0.7558 0.9077 
0.9389 0.8662 0.8245 0.7953 0.7725 0.9245 
0.9627 0.8951 0.8541 0.8245 0.8012 0.9558 
0.9856 0.9203 0.8796 0.8494 0.8250 0.9836 
1.0069 0.9430 0.9017 0.8708 0.8458 1.0086 
1.0268 0.9632 0.9214 0.8895 0.8638 1.0308 
1.0449 0.9816 0.9390 0.9063 0.8800 1.0514 
1.0619 0.9981 0.9549 0.9216 0.8946 1.0699 
1.0922 1.0277 0.9829 0.9483 0.9205 1.1032 
1.1188 1.0530 1.0070 0.9715 0.9428 1.1321 
1.1426 1.0756 1.0284 0.9921 0.9628 1.1579 
1.1640 1.0957 1.0475 1.0104 0.9805 1.1812 
1.1834 1.1140 1.0648 1.0273 0.9970 1.2026 
1.2257 1.1537 1.1029 1.0642 += 1.0333 =: 1.2494 
1.2614 1.1872 1.1353 1.0957 1.0642 1.2897 
1.2923 1.2167 1.1637 1.1234 1.0920 1.3254 
1.3199 1.2429 1.1890 1.1486 1.1169 1.3574 
1.3446 1.2666 1.2123 1.1718 1.1397 1.3869 
1.3675 1.2886 1.2339 1.1929 1.1609 1.4141 
1.4083 1.3280 1.2726 1.2316 1.1996 1.4631 
1.4443 1.3630 §=1.3073 91.2660 1.2340 1.5072 
1.4766 1.3945 1.3389 1.2974 1.2654 1.5471 
1.5059 1.4235 1.3675 1.3267 1.2946 1.5837 
1.5331 1.4505 1.3945 1.3534 1.3217 1.6180 
1.7372 1.6538 1.5991 1.5596 1.5291 1.8773 
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Z(2,2) Z0,3) Za) Z@.5) Z(2.6) Za) 


1.1947 1.0951 1.0221 0.9706 0.9193 1.0927 
1.2016 1.1025 1.0306 0.9736 0.9290 1.1061 
1.2081 1.1114 1.0403 0.9828 0.9325 1.1150 
1.2107 1.1061 1.0211 0.9465 0.8796 1.1029 
1.1978 1.0783 0.9791 0.8952 0.8252 1.0705 








1.1739 1.0426 0.9374 0.8536 0.7879 1.0333 
1.1462 1.0088 0.9039 0.8247 0.7654 0.9996 
1.1191 0.9803 0.8791 0.8060 0.7529 0.9718 
1.0945 0.9575 0.8617 0.7946 0.7470 0.9499 
1.0734 0.9400 0.8498 0.7883 0.7454 0.9331 
1.0555 0.9268 0.8423 0.7858 0.7466 0.9209 
1.0285 0.9102 0.8359 0.7872 0.7535 0.9057 
1.0110 0.9027 0.8365 0.7936 0.7637 0.8992 
1.0003 0.9009 0.8412 0.8024 0.7751 0.8982 
0.9944 0.9027 0.8481 0.8124 0.7868 0.9007 
0.9920 0.9067 0.8562 0.8227 0.7986 0.9054 
0.9953 0.9223 0.8786 0.8488 0.8266 0.9222 
1.0059 0.9409 0.9013 0.8734 0.8521 0.9419 
1.0196 0.9602 0.9229 0.8960 0.8750 0.9622 
1.0345 0.9790 0.9431 0.9169 0.8958 0.9819 
1.0651 1.0139 0.9796 0.9533 0.9318 1.0187 
1.0943 1.0452 1.0111 0.9844 0.9623 1.0514 
1.1213. 1.0733 1.0389 1.0115 0.9887 = 1.0805 
1.1462 1.0985 1.0634 1.0356 1.0121 1.1064 
1.1691 1.1212 1.0856 1.0570 1.0332 1.1300 
1.1904 1.1421 1.1059 1.0766 1.0523 = 1.1515 
1.2283 1.1791 1.1416 1.1115 1.0860 1.1895 
1.2616 1.2111 1.1727 =1.1416 §=1.1154 —:1.2225 
1.2911 1.2397 1.2002 1.1683 1.1417 = 1.2518 
1.3179 1.2655 1.2250 1.1925 1.1656 1.2781 
1.3423 1.2887 1.2477 =1.2148 1.1873 1.3020 
1.3954 1.3399 1.2975 1.2634 1.2353 1.3544 
1.4406 1.3835 1.3400 1.3054 1.2768 1.3992 
1.4802 1.4219 1.3775 1.3425 1.3138 1.4382 
1.5152. 14561 1.4114 1.3759 1.3471 = 1.4737 
1.5474 1.4874 1.4424 1.4067 1.3776 = 1.5057 
1.5769 1.5163 1.4710 1.4352 1.4060 = 1.5353 
1.6298 1.5684 1.5225 1.4865 1.4575 = 1.5889 
1.6768 1.6150 1.5687 1.5326 1.5034 1.6365 
1.7190 1.6569 1.6107 1.5747 1.5453 = 1.6797 
1.7580 1.6952 1.6491 1.6132 1.5841 1.7194 
1.7938 1.7312 1.6850 1.6489 1.6200 = 1.7562 
2.0647 2.0026 1.9572 1.9227 1.8945 2.0351 
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function [kr* ]; for the Lennard-Jones (12-6) potential, 
as calculated by the method of Chapman and Cowling, 
is also shown in Fig. 3. It is of interest to note that 
[kr* ]2 is always positive for a=15, showing that there 
is no inversion temperature when the repulsive portion 
of the potential g(r) is steep enough. 

Table VII gives the values of the ratios A*, B*, and 
C* which occur in the expressions for the transport 














Fic. 3. The reduced thermal diffusion ratio, kr*, for isotopic 
thermal diffusion. Solid lines: second approximation for the 
Exp-Six potential; broken line: first approximation for the 
Lennard-Jones (12-6) potential. 


properties of mixtures. The dimensionless group pD,:/n, 
frequently encountered in kinetic theory, is given by 
(6f/Sf,)A*. 

Experimental viscosity results are often expressed 
by an equation of the form 


n=cT™, (25) 


where c and s, are supposed to be constants for a par- 
ticular gas. The temperature index, s,, is seen to be 
given by 


S,= logn/d logT. (26) 


The temperature index has the following physical sig- 
nificance: if the intermolecular potential were of the 
form y(r)=const/r’, then s, would be constant and 
equal to [3+2/(v—1)]. We can investigate the be- 
havior of s, for the potential given by Eq. (1) by re- 
quiring that the values of 7 and dn/dT determined from 
Eq. (25) agree with those from Eq. (6) at a given tem- 
perature. In this way we find that s, is not a constant, 
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Taste V. Functions for calculating the higher approximations to the transport coefficients. 








The function fy®) 
a=13 


a=14 


The function fA® 


a=13 
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1.0017 
1.0018 
1.0021 
1.0014 
1.0005 
1.0001 
1.0000 
1.0001 
1.0001 
1.0001 
1.0001 
1.0001 
1.0002 
1.0004 
1.0007 
1.0011 
1.0020 
1.0029 
1.0036 
1.0042 
1.0050 
1.0055 
1.0058 
1.0060 
1.0061 
1.0062 
1.0062 
1.0063 
1.0063 
1.0064 
1.0064 
1.0064 
1.0065 
1.0065 
1.0066 
1.0067 
1.0068 
1.0069 
1.0071 
1.0072 
1.0073 
1.0074 
1.0084 


1.0017 
1.0018 
1.0021 
1.0015 
1.0006 





function f,®) 





1.0029 
1.0027 
1.0020 
1.0006 
1.0002 
1.0002 
1.0003 
1.0003 
1.0003 
1.0002 
1.0002 
1.0002 
1.0004 
1.0008 
1.0013 
1.0026 
1.0038 
1.0049 
1.0058 
1.0070 
1.0077 
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1.0027 
1.0028 
1.0032 
1.0023 
1.0009 
1.0002 
1.0001 
1.0001 
1.0001 
1.0001 
1.0001 
1.0001 
1.0003 
1.0006 
1.0011 
1.0016 
1.0031 
1.0045 
1.0056 
1.0065 
1.0078 
1.0085 
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1.0090 
1.0093 





function fp®) 
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1.0020 
1.0017 
1.0012 
1.0004 
1.0001 
1.0001 
1.0001 
1.0001 
1.0001 
1.0001 
1.0000 
1.0001 
1.0003 
1.0005 
1.0008 
1.0012 
1.0020 
1.0028 
1.0035 
1.0041 
1.0049 
1.0053 
1.0057 
1.0059 
1.0060 
1.0061 
1.0061 
1.0062 
1.0061 
1.0061 
1.0060 
1.0059 
1.0058 
1.0058 
* 1.0058 
1.0058 
1.0058 
1.0058 
1.0053 
1.0059 
1.0059 
1.0060 
1.0067 
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where we have made use of the recursion relation 


d logat.™)* Qit.nt)* 
———_= (n-2)(——_-1).. (28) 
d logT* QU.m* 


but the following function of 7*: 


9 492° : dlogf, 
Qe. logT* 





Sq 








TABLE VI. The reduced thermal diffusion ratio, [kr*]., 
for calculating isotopic thermal diffusion. 














Mi-—M2 
kr =kr* x1X2 
Mi+M:2 

T* a=12 a=13 a=14 a=15 
0 0.3133 0.3133 0.3133 0.3133 
0.1 0.2844 0.2865 0.2887 0.2887 
0.2 0.2047 0.2264 0.2401 0.2468 
0.3 0.0738 0.1110 0.1369 0.1545 
0.4 —0.0271 0.0157 0.0484 0.0727 
0.5 —0.0829 —0.0389 —0.0037 0.0229 
0.6 —0.1038 —0.0616 —0.0256 0.0020 
0.7 —0.1031 —0.0623 —0.0270 0.0005 
0.8 —0.0902 —0.0509 —0.0162 0.0105 
0.9 —0.0690 —0.0317 0.0023 0.0287 
1.0 —0.0456 —0.0088 0.0244 0.0498 
1.2 0.0071 0.0419 0.0734 0.0981 
1.4 0.0580 0.0923 0.1226 0.1466 
1.6 0.1050 0.1386 0.1680 0.1911 
1.8 0.1476 0.1797 0.2083 0.2310 
2.0 0.1841 0.2161 0.2438 0.2665 
2.5 0.2570 0.2883 0.3145 0.3380 
3.0 0.3103 0.3404 0.3658 0.3890 
a 0.3469 0.3786 0.4035 0.4270 
4 0.3744 0.4060 0.4313 0.4544 
5 0.4111 0.4437 0.4679 0.4931 
6 0.4312 0.4643 0.4911 0.5134 
7 0.4414 0.4778 0.5044 0.5283 
8 0.4494 0.4858 0.5131 0.5358 
9 0.4531 0.4889 0.5181 0.5427 
10 0.4536 0.4911 0.5208 0.5446 
12 0.4536 0.4917 0.5233 0.5494 
14 0.4512 0.4919 0.5225 0.5495 
16 0.4469 0.4887 0.5209 0.5496 
18 0.4441 0.4866 0.5187 0.5485 
20 0.4387 0.4826 0.51°0 0.5479 
25 0.4321 0.4764 0.5140 0.5452 
30 0.4245 0.4713 0.5106 0.5427 
35 0.4188 0.4681 0.5066 0.5429 
40 0.4161 0.4648 0.5058 0.5426 
45 0.4118 0.4641 0.5038 0.5426 
50 0.4093 0.4616 0.5035 0.5429 
60 0.4051 0.4598 0.5032 0.5443 
70 0.4048 0.4590 0.5044 0.5460 
80 0.4034 0.4583 0.5071 0.5474 
90 0.4022 0.4584 0.5093 0.5505 
100 0.4024 0.4586 0.5095 0.5534 
200 0.4110 0.4703 0.5277 0.5727 








Another common method of expressing experimental 
viscosity results is by the Sutherland equation, 


c'T} 


ha Sree, (29) 
1+S,/T 

where c’ and S, are supposed to be constants for a par- 
ticular gas. This equation is based on the physical 
model of rigid spheres which have a weak attraction for 
one another. The physical significance of the Sutherland 
constant, S,, is that it is proportional to the potential 
energy of two such spheres when in contact. We can 
find the dependence of S, on 7* in the same way that 
the behavior of s, was found; it is 


S, Q29*\ dlogf, 
(esti 
T N22*7 dlogT* 


Q@.3)* 
[1-4(1- )+ 
Q2.2)* 








d log f 
| (30) 
d logT* 
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An entirely analogous result holds for the coefficient 
of thermal conductivity, A. The expressions for s, and 
S)/T are the same as given in Eqs. (27) and (30), re. 
spectively, except that /, is replaced by /f,. 

In a similar way, we can define a temperature index 
for self-diffusion, 


sp=d logD,:/d logT, (31) 
and a Sutherland constant for self-diffusion, 
te i 
Dy= ar el “aR (32) 
1+-Sp/T 


If Dy, in Eq. (31) is expressed at constant density, we 
find that the temperature index sp is the following 
function of 7*: 

7 3Qa* : d log fp 


Sp=-— 


a e 
2 gv" dlogT* 





(33) 


For the Sutherland constant Sp/T we obtain 


Sp Q4.2)* d log fp 
(eee 
T QUD*7  dlogT* 
; Q(t.2)* 
|1-s(1- )+ 
Qa.n* 


12 ee T ee ew T ee 





d lo 
= a! (34) 
d logT* 





























10 20 100 


Fic. 4. A. Temperature indexes for viscosity and thermal con- 
ductivity; B. Sutherland constants for viscosity and thermal 
conductivity. Solid lines: Exp-Six potential; broken lines: 
Lennard-Jones (12-6) potential. 
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TaBLeE VII. Functions for calculating the transport properties of mixtures. 








The function A* 
a=13 


a=15 


The function B* 
a=13 a=14 





1.0065 
1.0146 
1.0374 
1.0693 
1.0932 
1.1067 
1.1131 
1.1154 
1.1154 
1.1143 
1.1126 
1.1096 
1.1070 
1.1052 
1.1044 
1.1044 
1.1056 
1.1081 
1.1113 
1.1141 
1.1194 
1.1238 
1.1277 
1.1309 
1.1336 
1.1361 
1.1406 
1.1447 
1.1485 
1.1517 
1.1548 
1.1623 
1.1691 
1.1752 
1.1813 
1.1867 
1.1917 
1.2008 
1.2092 
1.2168 
1.2240 
1.2300 
1.2754 
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1.0065 
1.0251 
1.0435 
1.0695 
1.0905 
1.1028 
1.1088 
1.1108 
1.1104 
1.1091 
1.1071 
1.1032 
1.1000 
1.0978 
1.0964 
1.0956 
1.0958 
1.0973 
1.0995 
1.1018 
1.1064 
1.1103 
1.1136 
1.1163 
1.1189 
1.1210 
1.1246 
1.1276 
1.1300 
1.1322 
1.1343 
1.1385 
1.1421 
1.1454 
1.1480 
1.1508 
1.1531 
1.1573 
1.1610 
1.1642 
1.1674 
1.1700 
1.1885 





The function B* 





1.1851 

1.1955 1.1926 
1.2407 1.2328 
1.2895 1.2788 
1.3019 1.2922 
1.2922 1.2844 
1.2737 1.2668 
1.2539 1.2476 
1.2346 1.2289 
1.2172 1.2125 
1.2025 1.1973 
1.1780 1.1733 
1.1612 1.1561 
1.1490 1.1440 
1.1394 1.1347 
1.1324 1.1279 
1.1222 1.1174 
1.1167 1.1113 
1.1136 1.1084 
1.1128 1.1067 
1.1126 1.1048 
1.1131 1.1059 


is i Roe 


DS DW DD DD 


1.1851 
1.1928 
1.2268 
1.2698 
1.2840 
1.2768 
1.2609 
1.2424 
1.2238 
1.2074 
1.1930 
1.1689 
1.1523 
1.1392 
1.1298 
1.1226 
1.1119 
1.1057 
1.1024 
1.1002 
1.1001 
1.0989 





1.1155 1.1067 
1.1176 1.1079 
1.1185 1.1094 
1.1203 1.1103 
1.1225 1.1127 
1.1247 1.1135 
1.1259 1.1149 
1.1271 1.1153 
1.1274 1.1178 
1.1282 1.1176 
1.1281 1.1178 
1.1279 1.1162 
1.1268 1.1159 
1.1270 1.1148 
1.1255 1.1142 
1.1236 1.1119 
1.1218 1.1106 
1.1198 1.1096 
1.1180 1.1077 
1.1154 1.1049 
1.1021 1.0911 


The function C* 


0.8889 0.8889 
0.8844 0.8853 
0.8736 0.8765 
0.8531 0.8581 
0.8360 0.8421 
0.8257 0.8325 
0.8212 0.8283 
0.8209 0.8280 
0.8231 0.8301 
0.8269 0.8338 
0.8315 0.8383 
0.8419 0.8482 
0.8521 0.8582 
0.8615 0.8673 
0.8698 0.8753 
0.8771 0.8823 
0.8913 0.8961 
0.9014 0.9059 
0.9088 0.9131 
0.9141 0.9183 
0.9213 0.9253 
0.9254 0.9298 
0.9280 0.9324 
0.9295 0.9342 
0.9302 0.9352 
0.9307 0.9359 
0.9311 0.9366 
0.9313 0.9367 
0.9310 0.9366 
0.9307 0.9364 
0.9302 0.9366 
0.9295 0.9361 
0.9291 0.9358 
0.9289 0.9354 
0.9288 0.9355 
0.9290 0.9355 
0.9290 0.9356 
0.9293 0.9360 
0.9298 0.9367 
0.9303 0.9375 
0.9309 0.9383 
0.9316 0.9387 
0.9377 0.9445 








COIAU HWW NEM Em SOSOSOSOSOSOOSS 
OASUSOAPNHOOONAUPWNH 








independent of whether Dy; is expressed at constant 
density or constant pressure. 
Values of the temperature indexes for viscosity, 


thermal conductivity, and self-diffusion were calculated 
from Eqs. (27) and (33) neglecting the terms involving 
f, and are given as a function of 7* in Table VIIIA. 
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The error introduced by neglecting the terms in f is in 
all cases less than one percent. In Fig. 4A is plotted s, vs 
T* for a= 12 and 15, together with the corresponding s, 
for the Lennard-Jones (12-6) potential for com- 
parison. Values of the Sutherland constants are given 
in Table VIIIB, and plotted in Fig. 4B for a=12 and 
15, and the Lennard-Jones (12-6) potential. The neglect 
of the terms involving f in the calculations of the 
Sutherland constants introduced an error of less than 
one percent. 

Numerical values of the potential parameters of Eq. 
(1) for a particular gas may be calculated by com- 
parison of the experimentally determined values of S/T 
or s with the theoretical values in Table VIII. Caution 
must be exercised if this procedure is used, however, 
because inconsistent results may be obtained unless the 
experimental quantities are calculated in the same way 
as the theoretical quantities were; that is, from both 


TABLE VIIIA. Temperature indexes for viscosity, thermal 
conductivity, and self-diffusion. 








Index for 7 and A Index for Dit 
12 13 14 15 12 13 14 15 


0.833 0.833 0.833 0.833 0.833 0.833 0.833 0 
0.827 0.831 0.830 0.830 0.850 0.847 0.844 0 
0.832 0.819 0.818 0.820 0.891 0.879 0.870 0 
0.874 0.858 0.851 0.846 0.961 0.941 0.926 0. 
0 
0 
0 
1 


3 
4 





0.950 0.925 -0.912 0.899 1.016 0.992 0.974 
1.007 0.980 0.964 0.947 1.049 1.023 1.003 
1.040 1.014 0.997 0.979 1.062 1.036 1.015 
1.056 1.032 1.013 0.996 1.062 1.037 1.016 
1.058 1.036 1.018 1.001 1.055 1.031 1.010 
1.052 1.031 1.013 0.997 1.042 1.019 0.999 
1.020 1.003 0.988 1.028 1.005 0.985 
0.991 0.975 0.960 0.996 0.974 0.955 
0.957 0.943 0.928 0.964 0.944 0.925 
0.924 0.912 0.897 0.935 0.915 0.898 
0.894 0.884 0.869 0.909 0.891 0.874 
0.868 0.858 0.844 0.887 0.869 0.853 
0.816 0.807 0.793 0.844 0.826 0.812 
0.780 0.771 0.758 0.812 0.796 0.782 
0.755 0.746 0.733 0.791 0.774 0.761 
0.726 0.715 0.775 0.758 0.745 
0.701 0.692 0.753 0.736 0.724 
0.687 0.679 0.742 0.724 0.711 
0.678 0.671 0.735 0.716 0.703 
0.674 0.666 0.730 0.711 0.697 
0.672 0.664 0.728 0.709 0.694 
0.670 0.662 0.727 0.708 0.692 


= 
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conductivity, and self-diffusion. 


TABLE VIIIB. Sutherland constants for viscosity, thermal 














S/T for 7 and A S/T for Du 

T*\a 12 13 14 15 12 13 14 15 
0 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 
0.1 0.487 0.494 0.491 0.492 0.537 0.531 0.525 0.524 
0.2 0.497 0.469 0.467 0.471 0.642 0.611 0.588 0.578 
0.3 0.598 0.558 0.541 0.528 0.856 0.788 0.742 0.713 
0.4 0.819 0.739 0.701 0.664 1.067 0.969 0.900 0.852 
0.5 1.028 0.922 0.865 0.810 1.215 1.096 1.010 0.950 
0.6 1.176 1.059 0.988 0.921 1.281 1.157 1.063 0,996 
0.7 1.251 1.135 1.054 0.985 1.283 1.161 1.066 0.999 
0.8 1.264 1.154 1.073 1.003 1.246 1.131 1.040 0.975 
0.9 1.233 1.133 1.054 0.989 1.184 1.080 0.994 0,933 
1.0 1.174 1.084 1.012 0.952 1.118 1.022 0.942 0.886 
1.2 1.036 0.965 0.904 0.852 0.983 0.902 0.836 0.787 
1.4 0.901 0.843 0.796 0.750 0.866 0.797 0.740 0.699 
1.6 0.788 0.736 0.700 0.660 0.771 0.710 0.661 0.625 
1.8 0.697 0.651 0.622 0.584 0.693 0.641 0.597 0.565 
2.0 0.623 0.583 0.558 0.524 0.632 0.584 0.545 0.515 
2.5 0.497 0.462 0.443 0.415 0.524 0.484 0.453 0.426 
3.0 0.420 0.389 0.372 0.349 0.454 0.420 0.393 0.369 
3.5 0.370 0.343 0.326 0.304 0.410 0.376 0.353 0.329 
4 0.338 0.312 0.292 0.273 0.379 0.347 0.324 0.303 
5 0.298 0.274 0.252 0.238 0.339 0.309 0.289 0.267 
6 0.277 0.254 0.230 0.219 0.318 0.288 0.267 0.248 
7 0.266 0.242 0.218 0.207 0.307 0.276 0.254 0.235 
8 0.259 0.236 0.211 0.200 0.299 0.268 0.246 0.228 
9 0.255 0.231 0.207 0.196 0.295 0.265 0.241 0.222 
10 0.251 0.229 0.204 0.194 0.294 0.262 0.238 0.220 
12 0.250 0.227 0.203 0.191 0.293 0.261 0.235 0.215 
14 0.250 0.224 0.203 0.191 0.294 0.260 0.234 0.214 
16 0.250 0.224 0.204 0.189 0.297 0.261 0.235 0.214 
18 0.250 0.222 0.205 0.189 0.299 0.262 0.235 0.214 
20 0.250 0.221 0.206 0.189 0.302 0.265 0.235 0.214 
25 0.250 0.220 0.208 0.189 0.306 0.268 0.237 0.214 
30 0.249 0.218 0.209 0.188 0.311 0.270 0.239 0.214 
35 0.248 0.216 0.208 0.187 0.314 0.271 0.240 0.213 
40 0.245 0.214 0.208 0.185 0.315 0.272 0.240 0.212 
45 0.244 0.211 0.208 0.184 0.317 0.271 0.240 0.211 
50 0.241 0.208 0.206 0.182 0.317 0.271 0.239 0.209 
60 0.237 0.202 0.203 0.177 0.318 0.269 0.237 0.206 
70 0.231 0.197 0.200 0.173 0.315 0.267 0.234 0.203 
80 0.227 0.192 0.197 0.169 0.313 0.264 0.231 0.200 
90 0.222 0.189 0.192 0.167 0.312 0.261 0.227 0.196 
100 0.218 0.184 0.190 0.162 0.308 0.258 0.225 0.193 
200 0.186 0.154 0.163 0.137 0.280 0.230 0.200 0.168 








the temperature derivative and the numerical value of 
the transport coefficient at a given temperature. 
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0.669 0.660 
0.669 0.660 
0.669 0.659 
0.670 0.659 
0.671 0.660 
0.672 0.659 
0°673 0.659 
0:672 0.658 
0.672 0.656 
0.672 0.655 
0.671 0.654 
0.669 0.651 

0.667 0.647 
0.665 0.645 

0.661 0.643 

0.659 0.640 
0.640 0.620 


0.727 
0.727 
0.729 
0.730 
0.732 
0.735 
0.737 
0.739 
0.740 
0.741 
0.741 
0.741 
0.739 
0.739 
0.738 
0.736 
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0.707 
0.706 
0.707 
0.708 
0.710 
0.711 
0.713 
0.713 
0.714 
0.713 
0.713 
0.712 
0.710 
0.709 
0.707 
0.705 
0.687 


0.690 
0.690 
0.690 
0.691 
0.691 
0.692 
0.693 
0.694 
0.693 
0.694 
0.693 
0.692 
0.690 
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0.684 
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APPENDIX I. HIGHER APPROXIMATIONS TO THE 
TRANSPORT COEFFICIENTS 


The quantity f, appearing in Eq. (6) is given by the 


series 
fa=ltmtryet:::, (35) 
where 
by? 
a. 1. 
bi:b22— B42? 
11 (b12b03— b20b13)” 
7 ) 





e= 
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The quantity f, appearing in Eq. (7) is given by the 
series 





fr=1+6:4+624 ---, (36) 
where 
ay." 
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The third approximation to the quantity fp appear- 
ing in Eq. (8) is expressed in the determinant notation 
of Chapman and Cowling as 


Qoo 
fo® = doo 





(37) 


Q® : 


where @®) is a fifth-order determinant whose general 
element is a;;, with i and j ranging from —2 to 2. The 
term Qoo® is the minor of @® obtained by deleting 
the row and column containing doo. The elements a;; 
are functions of the collision integrals, the molecular 
weights, and the relative concentrations of the gases 
in the diffusing mixture. In general, a;;=a;;; and if 4, 
740, a_;; has the same form as a,; except that the 
subscripts 1 and 2, referring to the molecular species, 
are interchanged in the expression for a;;. The ai; 
necessary for the evaluation of Eq. (37) are as follows, 
where x; and x2 are the mole fractions, and M,; and M2 
the molecular weights of species 1 and 2, respectively: 
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The a,;’’ above are proportional to those defined in 
connection with the thermal conductivity, but now it is 
necessary to specify, by subscripts on the Q®™*, which 
molecular interaction is under consideration; for ex- 
ample, a1; refers to an interaction between two mole- 
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cules of species 1, whereas a_;-1” refers to species 2. 
The above expression for the a;; was calculated by the 
method of Chapman and Cowling.* 

The expression for fp may be considerably simplified 
for the cases of tracer diffusion and self-diffusion. For 
tracer diffusion where x,;—0, we obtain 


. 1 
fo=—— ae, (39) 
1—A—A,—- 
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The quantities A*, B*, and C* are defined in Eq. (11). 
The result for x:—0 is obtained from the above by 
changing the signs of all subscripts on the a;;, or what 
has the same effect, interchanging M, and M>». The 
expression for self-diffusion is obtained by setting 
M1= Me, Qo ™* = * = Qoob", and (1m) 12= (tm) 11 
T (1m) 22- 

The general expression for the thermal diffusion 
ratio given by Eq. (9) involves the a;; defined above. 
For a binary mixture of heavy isotopes, the dimension- 
less quantity kr*, defined in Eq. (10) is given to a first 
approximation ad 


eerie [5a°: ye 202. 27 
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=— (40) 
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and to a second approximation by 
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4 See reference 4, Chapter 9. 
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In the above expressions for kr* the a;; are to be cal- 
culated as if M,= Mo, inasmuch as the deviations from 
this equality have been explicitly allowed for in deriving 
Eq. (10). It is interesting to note that for rigid spheres 
(kr* 2 is 8.8 percent larger than [k7* ]:. 

The above expressions for the higher approximations 
to the transport coefficients were calculated by the 
method of Chapman and Cowling,®® and their form 
depends on a particular approximation scheme for ob- 
taining solutions to an infinite set of simultaneous 
equations. The scheme used by Chapman and Cowling 
is not unique, and indeed Kihara*® has developed an 
alternative scheme and from it obtained the following 
second approximations to viscosity, thermal conductiv- 
ity, and self-diffusion, and the first approximation to 
the thermal diffusion ratio for isotopic mixtures: 











3 740¢@* 77 
f= 14+-— me (42) 
49 Qe2.2)* 2 ‘ 
274023" 77 
f@=14+— -- (43) 
NLQe2* 2] 
(6C?— 5)? 
fo =14—_—, (44) 
16A*+40 
15 (6C*—5) 
re (45) 


Kihara’s expressions are considerably simpler than the 
corresponding Chapman and Cowling expressions, and 
are known to be more accurate for the special case of a 
Lorentzian gas (a binary mixture in which one com- 
ponent has a much smaller molecular weight than the 
other, and collisions between molecules of the light com- 





*® See reference 4, Chapter 7. 
_ *T. Kihara, Imperfect Gases (originally published in Japanese 
in 1949, and translated into English by the U. S. Air Force), Secs. 
23, 26, 27, 31, 32; “Virial Coefficients and Models of Molecules in 
Gases,” University of Wisconsin Report OOR-7, June 5, 1953 
(unpublished). 


TABLE IX. Comparison of the approximations of Chapman and 
Cowling (CC) and of Kihara (K) to the reduced thermal diffu- 


sion ratio for isotopes, kr*. 











(kr*]i [kr*]s 
™ cc K cc 

a=12 

0 0.3062 0.3104 0.3133 

0.5 —0.0828 —0.0819 —0.0829 

1 —0.0465 —0.0469 —0.0456 

2 0.1860 0.1903 0.1841 

10 0.4349 0.4455 0.4536 

20 0.4197 0.4291 0.4387 

100 0.3852 0.3942 0.4024 
a=15 

0 0.3062 0.3104 0.3133 

0.5 0.0217 0.0216 0.0229 

1 0.0505 0.0511 0.0498 

2 0.2668 0.2739 0.2665 

10 0.5189 0.5348 0.5446 

20 0.5204 0.5357 0.5479 

100 0.5253 0.5422 0.5534 








ponent need not be considered). It is, therefore, of 
interest to compare the expressions of Kihara and of 
Chapman and Cowling for the more realistic potential 
given by Eq. (1), and to estimate their relative accuracy 
by comparison with the still higher approximations 
evaluated in the present paper. 

The two methods yield answers for the potential of 
Eq. (1) which are appreciably different only for the 
case of the thermal diffusion ratio; some selected values 
for isotopes are given in Table IX. The over-all accuracy 
of Kihara’s expression seems to be somewhat better. 
In view of this and of their greater simplicity (fewer 
different collision integrals are required), Kihara’s ex- 
pressions for the second approximation to viscosity and 
thermal conducivity and the first approximation to the 
thermal diffusion ratio would seem to be definitely 
preferable to Chapman and Cowling’s corresponding 
expressions. It is for this reason that we have avoided 
expressing our results for isotopic thermal diffusion in 
terms of the usual quantity Rr, defined as the ratio of 
kr to the first approximation to kr for rigid spheres. 
Since the first approximations to ky for rigid spheres 
according to Chapman and Cowling and to Kihara are 
different, Rr involves an uncertain numerical factor, 
and the quantity kr* defined in Eq. (10) seems prefer- 
able from a theoretical standpoint. 


APPENDIX II. COMPARISON WITH AMDUR’S 
SEMICLASSICAL CALCULATION OF S‘(K) 


Amdur has devised an approximate method*’ for the 
calculation of gaseous transport properties which is 
capable of handling very complicated intermolecular 
potential functions with relatively little computation, 
and has applied his method to the calculation of the 
transport properties of the rare gases at low tem- 
peratures. The procedure, however, involves assump- 


37T. Amdur, J. Chem. Phys. 15, 482 (1947); 16, 190 (1948); 
17, 100 (1949). 
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K 
Fic. 5. Comparison of exact and approximate calculations of 
the reduced cross sections, $(K), for the Exp-Six potential. Solid 
lines: calculated by numerical integration ; broken lines: calculated 
by Amdur’s approximation scheme. 


tions which require further justification,** so that it is 
of interest to provide a test of the assumptions by com- 
paring the results of the present calculations with those 
obtained by applying Amdur’s method to the same 
intermolecular potential. 

In the approximate procedure the transport cross 
sections are not calculated directly, but instead the 
total classical collision cross section is first obtained, 
and the transport cross sections are then assumed to be 
in the same ratio to the total collision cross section as 
in the case for rigid spheres. The total collision cross 
section is infinite if calculated by completely classical 
means, so a semiclassical approximation is used, in 
which only scattering through angles greater than a 
certain critical angle, x., is considered. The total col- 
lision cross section, S(K), is then given by 


S(K)=1b?, (46) 


where 6, is that value of the collision parameter which, 
for a given value of the energy K, will produce a de- 
flection equal to x-. The velocity-dependent cross 
sections for viscosity and diffusion are then taken to be 
two-thirds and one-half, respectively, of S(K), as for 
rigid spheres. The collision integrals are obtained from 
the cross sections by essentially the same procedure as 
used in the present paper. 


38H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Oxford University Press, London, 1952), pp. 
381-382, 385. 


EDWARD A. MASON 


Amdur’s method was applied to the potential given 
in Eq. (1) to calculate approximate values of the 
velocity-dependent transport cross sections for con. 
parison with the accurate values obtained in this paper 
by direct means. The critical scattering angle was taken 
to be® 


A 
— (47) 
2yK? 


where A is the dimensionless group h/[1m(2ue)*],"h is 
Planck’s constant, and the other quantities are a 
previously defined. Following Amdur, x-. was repre. 
sented by Eq. (16) with the second term neglected: 
use of this equation restricts the range of the results to 
K>1. The results are expressed in reduced form, 
S*(K)=S(K)/ (arm). According to the approximation, 
S*(K)=S(K) for all values of 1; however for K>1, 
it is actually found that S®(K) is always larger than 
S®(K), by as much as 49 percent. In Fig. 5, S*(K) is 
shown for A=0.05 and 2, wl ere the potential parameter 
a= 12. The small value of A corresponds to a heavy gas 
with strong intermolecular attraction, such as xenon; 
the large value to a light gas with weak attraction, such 
as hydrogen. Also shown for comparison are 5“) (K) and 
S@(K) for a=12. The results for other values of a are 
quite similar. It is seen that although S*(K) does not 
change rapidly enough with K, it may be nearly correct 
over a small range of K. This fact would account for 
Amdur’s numerical results on the rare gases (except 
helium), where he found fair agreement between calcu- 
lated and experimental values of the viscosity, but the 
calculated temperature variation was too small. The 
calculated values of the self-diffusion coefficients of 
neon and ‘argon were, however, rather too small,“ as 
might be expected since S“(K) is really smaller than 
S®(K). The agreement for helium was somewhat 
better, but this was perhaps due in part to the use of a 
potential which is no longer considered very accurate.* 

The approximation scheme is thus seen to give 
results which are valid over a limited range, and hence 
may still prove useful because of its ability to handle 
very complicated potential functions. 

39H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. (London) 
Al41, 434 (1933). 

 E. B. Winn, Phys. Rev. 80, 1024 (1950). 


‘| F, Hutchinson, J. Chem. Phys. 17, 1081 (1949). 
” See reference 36, p. 378. 
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The second virial coefficient has been calculated for gases obeying a modified Buckingham potential, 


a — 2 | 9 ett—rirm) r=) “] 
o(r) maak r , 


The results are tabulated over the temperature range kT/e from 0.40 to 400, and for seven values of the 
parameter a, from 12 to 15. The treatment was entirely classical, and no corrections for quantum effects were 


(Exp-Six), 


made. 


A separate paper will present the evaluation of the parameters for specific substances and applications of 
the results, together with applications of the calculated transport properties given in the preceding paper. 





I. INTRODUCTION 


HE equation of state of any gas may be written in 
virial form, 


PV B(T) C(T) 
—=14——4+——+-- (1) 
RT V y? 


where B(T) is called the second virial coefficient. Ac- 
cording to classical statistical mechanics, the second 
virial coefficient for molecules with central forces is 
directly related to the energy of interaction between 
pairs of molecules, y(r), by the integral 


o 


2xN dg(r) 
J r* Ee POIRT dy, (2) 
kT 0 dr 


Up to the present time, the second virial coefficient 
has been evaluated! for Lennard-Jones type potentials, 
and, in a few special cases, for potentials containing an 
exponential repulsion term. The Buckingham potential 
is more reasonable from a theoretical standpoint than is 
a potential having an inverse-power repulsion, and is 
more flexible since it contains three parameters instead 
of two. Therefore, we have compiled a complete table, 
of the second virial coefficient using the Buckingham 
potential. 

We have taken the Buckingham potential in the 
following modified form (which we shall henceforth 
refer to as “Exp-Six’’): 


6 6 fa\* 
72) (r) = [mest om (=) | r> T may (3) 
1—6/ala r 


g(r)=%, 7<Tmax. (4) 


The constants €, 7m, and @ characterize the molecular 


*This work was supported by Contract N7onr-28511 with the 
U. S. Office of Naval Research. 

t Present address: Experiment Incorporated, Richmond, 

irginia. 

’ An extensive table of second virial coefficients for the Lennard- 
Jones (12—6) potential is given by R. B. Bird and E. L. Spotz, 
University of Wisconsin CM—599 (1950). 


interaction. Here ¢ is the maximum energy of attraction ; 
Ym is the separation at the energy minimum; and a is a 
measure of the steepness of the repulsive potential. 
Figure 1 shows the behavior of g(r). The position of zero 
potential is a; its value as a function of a is given in 
Table II. The function defined in Eq. (3) would pass 
through a maximum at fmax and then approach — °° as 
r—0. The location and height of the maximum for each 
a is given in Table II. Fortunately the height of the 
maximum’ is so large for all practical cases that very 
little error is produced by the anomalous behavior of our 
modified Buckingham potential in the neighborhood of 


—>| Inox 











‘m 





Fic. 1. The Buckingham potential, 
. 6 m\® 
= —pa(1—r/rm) _f _@ 
== eal" i (7)] 


as a function of intermolecular separation. The magnitude of 
¢(rmax) relative to « is much reduced in the figure. 
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TABLE I. The second virial coefficient for the modified Buckingham potential. 
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B(T) =boB* (a,T*) 
T* =kT/e 












bo =4xNorn® 
a. 
T* he 12.0 12.5 13.0 13.5 14.0 14.5 15.0 
0.40 — 10.347 — 10.052 —9.787 —9.548 —9.332 —9.134 —8.953 
0.45 —8.060 —7.826 —7.616 —7.427 —7.256 —7.099 —6.956 
0.50 —6.536 — 6.342 —6.168 —6.012 —5.871 —5.741 —5.623 
0.55 —5.455 —5.290 —5.141 —5.008 —4,.887 —4.777 —4.676 
0.60 —4.653 —4,508 —4,378 —4,262 —4.157 —4.061 —3.973 
0.65 —4.035 —3.906 —3.791 —3.688 —3.595 —3.509 —3.431 
0.70 —3.546 —3.430 —3.326 —3.233 —3.149 —3.072 —3.002 
0.75 —3.149 —3.043 —2.949 —2.864 —2.788 —2.718 —2.654 
0.80 —2.822 —2.725 — 2.638 —2.560 —2.490 —2.425 —2.366 
0.85 —2.547 —2.457 —2.377 — 2.304 —2.239 —2.179 —2.125 
0.90 —2.313 —2.229 —2.154 — 2.087 —2.026 —1.970 —1.919 
0.95 —2,111 — 2.033 — 1.963 —1.899 — 1.842 —1.790 —1.742 
1.00 — 1.9362 — 1.8623 — 1.7960 — 1.7363 — 1.6823 — 1.6330 — 1.5877 
1.05 — 1.7827 —1.7127 — 1.6499 — 1.5934 —1.5422 — 1.4955 — 1.4526 
1.10 — 1.6470 — 1.5805 — 1.5208 — 1.4671 — 1.4184 — 1.3740 — 1.3332 
1.15 — 1.5263 — 1.4628 — 1.4059 — 1.3546 — 1.3082 — 1.2658 — 1.2269 
1.20 —1.4181 — 1.3574 — 1.3029 — 1.2539 — 1.2095 — 1.1689 — 1.1316 
1.25 — 1.3208 — 1.2625 — 1.2103 — 1.1632 — 1.1206 — 1.0816 — 1.0459 
1.30 — 1.2327 — 1.1767 — 1.1264 —1.0812 — 1.0401 — 1.0027 —0.9682 
1.35 —1.1526 — 1.0986 — 1.0502 — 1.0066 —0.9670 —0.9309 —0.8976 
1.40 — 1.0795 —1.0274 —0.9806 —0.9385 —0.9002 —0.8653 —0.8332 
1.45 — 1.0125 —0.9621 —0.9168 —0.8761 —0.8391 —0.8052 —0.7742 
1.50 —0.9509 —0.9020 —0.8582 —0.8187 —0.7828 —0.7500 —0.7199 
1.55 —0.8941 —0.8467 —0.8041 —0.7657 —0.7309 —0.6990 —0.6698 
1.60 —0.8416 —0.7954 —0.7541 —0.7168 —0.6829 —0.6519 —0.6234 
1.65 —0.7928 —0.7479 —0.7076 —0.6713 —0.6383 —0.6082 —0.5804 
1.70 —0.7475 —0.7037 —0.6645 —0.6291 —0.5969 —0.5675 —0.5404 
1.75 —0.7052 —0.6625 —0.6242 —0.5897 —0.5583 —0.5296 —0.5031 
1.80 —0.6657 —0.6240 —0.5866 —0.5529 —0.5222 —0.4941 —0.4683 
1.85 —0.6287 —0.5880 —0.5514 —0.5184 —0.4884 —0.4609 —0.4357 
1.90 —0.5940 —0.5542 —0.5184 —0.4861 —0.4567 —0.4298 —0.4050 
1.95 —0.5614 —0.5224 —0.4873 —0.4557 —0.4269 —0.4005 —0.3763 
2.0 —0.5307 —0.4924 —0.4581 —0.4271 —0.3988 —0.3730 —0.3492 
2.1 —0.4744 —0.4376 —0.4045 —0.3746 —0.3474 —0.3224 —0.2995 
2.2 —0.4241 —0.3885 —0.3565 —0.3276 —0.3013 —0.2772 —0.2550 
2.3 —0.3788 —0.3443 —0.3134 —0.2854 —0.2600 —0.2366 —0.2151 
2.4 —0.3379 —0.3045 —0.2744 —0.2473 —0.2225 —0.1999 —0.1789 
2.5 —0.3007 —0.2683 —0.2391 —0.2127 —0.1886 —0.1665 —0.1461 
2.6 —0.2669 —0.2353 —0.2068 —0.1811 —0.1577 —0.1361 —0.1163 
2.7 —0.2359 —0.2051 —0.1774 —0.1523 —0.1294 —0.1083 —0.0889 
2.8 —0.2075 —0.1774 —0.1503 —0.1258 —0.1034 —0.0828 —0.0638 
2.9 —0.1813 —0.1519 —0.1254 —0.1014 —0.0795 —0.0593 —0.0407 
3.0 —0.1572 —0.1283 —0.1024 —0.0789 —0.0574 —0.0377 —0.0194 
3.1 —0.1348 —0.1066 —0.0811 —0.0580 —0.0370 —0.0176 0.0003 
3.2 —0.1141 —0.0863 —0.0614 —0.0387 —0.0180 0.0010 0.0186 
3.3 —0.0948 —0.0675 —0.0430 —0.0207 —0.0004 0.0184 0.0357 
3.4 —0.0768 —0.0500 —0.0258 —0.0039 0.0161 0.0345 0.0516 
3.5 —0.0600 —0.0336 —0.0098 0.0117 0.0314 0.0496 0.0664 
3.6 —0.0442 —0.0183 0.0051 0.0264 0.0458 0.0637 0.0803 
3.7 —0.0295 —0.0039 0.0192 0.0401 0.0593 0.0770 0.0933 
3.8 —0.0156 0.0096 0.0324 0.0530 0.0719 0.0894 0.1055 
3.9 —0.0026 0.0223 0.0448 0.0652 0.0838 0.1011 0.1170 
4.0 0.0097 0.0343 0.0564 0.0766 0.0951 0.1121 0.1279 
4.1 0.0212 0.0455 0.0674 0.0874 0.1056 0.1225 0.1381 
4.2 0.0322 0.0562 0.0779 0.0976 0.1156 0.1323 0.1477 
43 0.0425 0.0663 0.0877 0.1072 0.1250 0.1415 0.1568 
4.4 0.0523 0.0758 0.0970 0.1163 0.1340 0.1503 0.1655 
4.5 0.0616 0.0848 0.1058 0.1249 0.1425 0.1586 0.1736 
4.6 0.0704 0.0934 0.1142 0.1331 0.1505 0.1665 0.1814 
4.7 0.0787 0.1016 0.1222 0.1409 0.1581 0.1740 0.1888 
4.8 0.0867 0.1093 0.1297 0.1483 0.1654 0.1811 0.1958 
49 0.0943 0.1167 0.1369 0.1554 0.1723 0.1879 0.2025 
5. 0.1015 0.1237 0.1438 0.1621 0.1789 0.1944 0.2088 
6. 0.1581 0.1788 0.1976 0.2147 0.2305 0.2451 0.2586 
7. 0.1955 0.2152 0.2331 0.2495 0.2645 0.2785 0.2916 
8. 0.2215 0.2406 0.2578 0.2736 0.2882 0.3017 0.3144 
9. 0.2403 0.2587 0.2755 0.2909 0.3051 0.3183 0.3307 
10. 0.2540 0.2721 0.2885 0.3036 0.3175 0.3305 0.3427 
20. 0.2937 0.3102 0.3252 0.3392 0.3522 0.3643 0.3758 
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SECOND VIRIAL COEFFICIENTS OF GASES 


TABLE I.—Continued. 








B(T) =boB* (a,T*) 
T* =kT/e 





bo = §xNorn® 
T* \, 12.0 12.5 13.0 13.5 14.0 14.5 15.0 
30. 0.2904 0.3065 0.3213 0.3350 0.3478 0.3598 0.3712 
40. 0.2811 0.2971 0.3118 0.3254 0.3381 0.3502 0.3616 
50. 0.2712 0.2872 0.3018 0.3154 0.3282 0.3402 0.3517 
60. 0.2619 0.2778 0.2924 0.3060 0.3188 0.3308 0.3423 
70. 0.2534 0.2692 0.2838 0.2974 0.3101 0.3222 0.3337 
80. 0.2456 0.2614 0.2759 0.2895 0.3023 0.3144 0.3259 
90. 0.2385 0.2543 0.2688 0.2824 0.2951 0.3073 0.3188 
100. 0.2320 0.2477 0.2623 0.2758 0.2886 0.3007 0.3123 
200. 0.1877 0.2034 0.2177 0.2312 0.2438 0.2560 0.2676 
300. 0.1624 0.1780 0.1921 0.2053 0.2178 0.2298 0.2413 
400. 0.1444 0.1600 0.1740 0.1870 0.1994 0.2113 0.2228 
0.78125 —2.937 — 2.837 —2.748 — 2.668 —2.595 —2.528 — 2.468 
1.5625 — 0.8806 —0.8335 —0.7912 —0.7531 —0.7185 —0.6869 —0.6578 
S420 —0.1295 —0.1014 —0.0760 —0.0531 —0.0321 —0.0128 —0.0050 
6.25 0.1688 0.1893 0.2078 0.2247 0.2403 0.2547 0.2681 
12.5 0.2753 0.2927 0.3085 0.3230 0.3365 0.3491 0.3610 
25. 0.2935 0.3098 0.3247 0.3385 0.3513 0.3634 0.3748 











Tmax. Lhe original Buckingham potential corresponds to 
the use of Eq. (3) for all separations. Instead of our 
modification [ Eq. (4) ] to avoid the anomalous behavior 
for small separations, Buckingham and Corner? use Eq. 
(3) for separations larger than 7,,, that is rm<r< oo and 
the following expression for separations less than r,,: 


‘ 6 Tar," 
nt ferneu() 
1—6/ala r 


xexp| -4(-1) | ; (5) 
r 


This relation makes the potential unduly complicated. 
We have found that the effect of the maximum in the 
potential manifests itself only for very high tempera- 
tures and for small values of the parameter a. 

It is convenient to introduce the following reduced 
quantities: 


¢*=7/t., (6) 


g(r) Pt 











6 1 
~ exp[a(i—r*) ]— 


e*(r*)= , —|, 
€ 1—6/ala r*6 


Pinax "Sr*S ~, (7) 


g*(r*)= “, 0< 1° <<? maz, (8) 
T*=kT/e, (9) 
B¥(a,T*) = B (T)/bo, bo= 2aN m4 (10) 


In terms of (Exp-Six) potential, values of B*(a,7T*) are 





*R. A. Buckingham and J. Corner, Proc. Roy. Soc. (London) 
A189, 118 (1947). According to private correspondence Bucking- 
am and Corner were primarily concerned with interpreting high- 
‘nergy molecular beam scattering which is sensitive to the 
potential energy for small separations. 


given in Table I for the range 0.40<7*<400 and 
12.0<a< 15.0. 


II. GENERAL FORMULAS 


The integral for the second virial coefficient in reduced 
form is 


1 fr” _dg*(r*) 
B*(a,T*)= -—f P \ naililaastd 
7” 0 dr* 
Xexp(— o*(r*)/T*)dr*. (11) 


Following the procedure of Buckingham and Corner,” 
we have divided the range of integration into two 
regions of r* separated by the arbitrarily chosen value 
of the separation, M (a) ; 


1 M(a) dg* (r*) 
B*(a,T*)= tate Pere 
7 0 dr* 


oe 


1 
Xexp(— ¢* (r*)/T*)dr* —— r¥8 
7 M(a) 


dg*(r*) 
— exp(— ¢*(r*)/T*)dr*. (12) 


r 


TABLE II. Reduced separation o*=0/r» at which the Bucking- 
ham potential is zero, location (rmax*) and the height of the 
maximum, and separation «x taken as the lower limit of the 
numerical integration. 











a o* =a/tm Tmax* ¢* (rmax*) x 

12.0 0.8761 0051 0.3024 7469 1705.4129 

12.5 0.8798 2937 0.2730 3685 3518.3635 

13.0 0.8831 9813 0.2469 7188 7110.0863 0.2784 
13.5 0.8862 7341 0.2238 1785 1 4114.558 0.3186 
14.0 0.8891 0396 0.2031 8787 2 7585.192 0.3442 
14.5 0.8917 2672 0.1847 5586 5 3170.123 0.3620 
15.0 0.8941 7037 0.1682 4550 10 1221.60 0.3844 














Since M (a) is taken to be almost equal to o*(a), the two 
regions of integration correspond roughly to a separation 
between the large separation where the energy of 
attraction is dominant from the small separations where 
the energy of repulsion prevails. Different sorts of 
mathematical techniques are used to evaluate the 
integrals in the two regions. We shall employ the 
symbol — K (a,7*) for the integral from zero to M (a) in 
Eq. (12), and I'(a,7*) for the integral from M (a) to ~. 
Then, 

B* (a,T*)= —K(a,T*)+T(@,T*). (13) 


In the range M(a)<r*<mo, | g*(r*)|<1 and T* 
varies from 0.40 to 400, the exponential function, 
exp(— ¢*(r*)/T*), can be expanded in powers of the 
argument and the series converges rapidly. This ex- 
pansion is used in evaluating '(a,7*) and permits the 
removal of the reduced temperature from under the 
integral sign: 


ae Fa 

r@T)=-—¥ —(-—) Tala), (14) 
T* n=0n! 7” 

where 





2 | dy*(r*) 
J@= [tetera (a5) 
M(a) dr* . 
For 12.0<a<15.0, the expansion converges sufficiently 
rapidly for the present purposes when M(a) is the 
largest integer multiple of 0.005 less than o*(a). This 
choice of M is convenient in preliminary hand computa- 
tions because it avoided interpolation in the numerical 
tables of the exponential function. The coefficients 
J,(a) have alternating signs so that Eq. (14) can be 
rewritten in the form: 


© |Jn(a 
rear)-—-* | Jn (a) | 


n=0 nN! 


(T)-, (16) 





It is in the range of integration of K(a,7*) that our 
modification of the Buckingham potential enters into 
the calculations. K(a,7*) may be rewritten as 


M(«a) 
K(a,T*)=—3 f r*C1—exp(—o*(r*)/T*) lar* 
” 4 ML1—exp(—¢*(M)/T*)]. (17) 


TaBLe III. Error of the sixteen-strip integration of K(a,T*), 
the small-separation part of the integral in the second virial 
coefficient, B*(a,7*). 
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re Bt Error Bt Error 
400. 0.1444 8.7x1077 

12.5 0.3610 0.000057 
6.25 0.1688 0.00013 0.2681 0.00023 
3.125 —0.1295 0.00025 0.0050 0.00045 
1.5625 —0.8806 0.00029 —0.6578 0.00057 
0.78125 —2.937 0.00019 —2.468 0.00050 
0.390625 0.000016 0.000022 
0.40 — 10.347 —8.953 
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Setting the potential equal to © for separations smaller 
than ?max*, 


* 


K(a,T*)=—3 f rdy* 
0 


M (a) 


“i f "C1 —exp(—o*(r*)/T*) art 


+M*[1—exp(— 9*(M)/T*)]. (18) 


III. NUMERICAL INTEGRATIONS 


In evaluating K(a,7*), it is certainly satisfactory to 
ignore the quantity exp — ¢*(r*)/T*] in the integrand 
for separations smaller than 7;*, where this exponential 
function is equal to 4X10~7 for T*=400. For 13.0<a 
<15.0, the function actually is this small for certain 
separations, 7:*(a). In actual practice, the lower limit of 
numerical integration of the complete integrand was 
x(a), which is a separation smaller than 7:*(a) such that 
(M—x) is an integer multiple of 0.0032. This value of x 
was chosen so as to facilitate preliminary hand compu- 
tations. For a=12.0 and 12.5, the complete integrand 
was used for the entire range between rmax* and M, so 
that x and fmax* are the same. The separations « are 
given as a function of a in Table II. Having introduced 
x(a), in order to shorten the range of numerical integra- 
tion, we may write: 


K (a,T*) = —°+M*(1—exp(— ¢*(M)/T*)] 


M(a@) 
«fj r*[1—exp(— o*(r*)/T*)]dr*. (19) 
x(a) 


The eight-strip Newton-Cotes quadrature formula of 
the closed type was used to evaluate the integral ap- 
pearing in K (a,7*) in the following temperature ranges. 


12.5< T* < 400 


Sixteen integration strips covering the range of sepa- 
rations from x(a) to M (a) were taken for 7*= 400, 200, 
100, 50, 25, and 12.5. The error arising in the course of 
this integration was estimated by repeating the inte- 
gration with strips of half the usual width. The errors for 
several pairs of values of a and 7* both within and out 
of this temperature range are shown in Table III. The 
error taken to be maximum for the present temperature 
range is 6X 10~°. 


1.5625 < T*<8 


Thirty-two strips were taken for T*=8, 6.25, 4, 3.125, 
2, and 1.5625. The exponential function in the integrand 
was neglected through the first 16 strips, with no error 
resulting except at 7*=8, where the maximum error (at 
a= 12.0) was 6X10-* out of a total B* value of 0.2215. 
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SECOND VIRIAL COEFFICIENTS OF GASES 


TABLE IV. Interpolated values of the reduced second virial coefficient for a= 12.0, obtained by a curve-fit from the 
values at several sets of known points. 








3.125 a 
to to to 
200. 50. 25. 


1.5625 0.78125 
to 


to 
12.5 » 6.25 


0.390625 
to 
3.125 





0.293578* 0.293594 0.294351 
0.254128 0.254024* 0.253981 
0.195410 0.195521* 0.195530* 
0.104235 0.101484 0.101453* 
—0.060005 —0.059967 
— 0.299797 —0.300806 
—0.704730 
— 1.40624 


mmr wunSS 
un 


Non 


0.286059 
0.254050 
0.195522 
0.101467* 
—0.059975* 
—0.300738 
—0.705212 
— 1.41693 


(cf. 0.29378**) 


0.253128 
0.195552 0.194388 
0.101659 


0.101441 
—0.059968* —0.059992 
—0.300763* —0.300719* 
—0.705178 —0.705204* 
— 1.41830 — 1.41804 


—0.294767 
—0.705825 
— 1.41714* 








0.80 < T* <1.50 


Thirty-two strips were taken for 7*=0.80 to 1.50 by 
steps of 0.10. The exponential in the integrand was 
neglected in the first 24 strips, with a maximum re- 
sulting error, at 7*=1.50 and a=12.0, of 3.5X10- out 
of B*= —0.9509. 


0.40 < 7* <0.75 


Sixteen strips were taken for 7*=0.40 to 0.75 by 
steps of 0.05. The exponential was neglected in the first 
14 strips, with a maximum resulting error of 0.00033 for 
T* slightly above the range (0.78125) and a=12.0, 
where B*¥= — 2.937. 

In the four temperature ranges, the errors in K (a,7*) 
which are quoted above are maximum values, which are 
taken to be typical for the respective ranges in esti- 
mating the total error in B*(a,7*). 

For the range of a mentioned above, and for all n, it 
was found that no significant error (less than one part in 
10’) is introduced in evaluating the coefficients J,,(a), by 
neglecting the repulsive part of the potential for separa- 
tions larger than A(a)=M(a)+2.48. The integrand 
formed from the attractive potential alone is then 
integrated analytically and Eq. (15) becomes: 


A73-6n 
Jx(a)= (—1)” 
n+3 


A(a) 


do*(r* 
a f pot : Cet ear. 
M(a) dr* 


(20) 


The eight-strip Newton-Cotes quadrature formula of 
the closed type was used to evaluate the integral in 
J,(a). Beginning at M (a), 32 strips of width 0.005, then 
32 strips of width 0.01, and finally 40 strips of width 0.05 
were taken. The greatest error for any set of eight strips 
was 5.4X10~-’ in the first eight strips for a=12.0 and 
n=(), out of a total Jo(12.0) =0.9657716. This error was 
taken to be typical for Jo(a) ; the errors for other values 
of m were too small to be apparent in the eight-digit 
arithmetic employed in these calculations. The corre- 
sponding error in B* is 5.4 10-7(7*)—. 

K(a,T*) and J,(a) having been computed for various 
atguments, it was necessary only to perform a summa- 


tion to obtain B*(a,7*), which was to be tabulated. 
T'(a,7*) was evaluated up to n=10. For T*=0.390625 
and a= 12.0 the tenth term in I was larger than for any 
other set of parameters, being 2.4X10~*. A rough 
extrapolation indicated the eleventh term to be about 
5X10-°. For 7*=0.78125 and a= 12.0, the tenth term 
was 1.2X10~". Thus, the largest errors in B* introduced 
by cutting off the summation at m= 10 are found in the 
lowest temperature range, where they are an order of 
magnitude smaller than the errors in’ K(a,7*). The 
errors arising from the numerical integration employed 
in evaluating J,(a) are likewise smaller than the errors 
in the K function, even where the former errors are at 
their largest. 


IV. INTERPOLATIONS 


The numerical integrations described above afforded 
values of B*(a,7*) for T*=0.40 to 0.75 by steps of 0.05, 
0.78125, 0.80, to 1.50 by steps of 0.10, 1.5625, 2, 3.125, 4, 
6.25, 8, 12.5, 25, 50, 100, 200, and 400. For other values 
of 7*, various interpolation schemes were used to 
determine B*, with the aim of producing a more com- 
plete table, in which an uncertainty of about one part 
per thousand was desired. 

The values of B* for 7*=300 were found by linear 
interpolation, with logio7* being considered the argu- 
ment of the function B*. The corresponding error for the 
Lennard-Jones (12—6) potential was 0.067 percent; a 
slightly greater computational error would be expected 
for the present potential, because of the greater curva- 
ture of B* as a function of 7* in this temperature range. 

The values of B* for T*=90, 80, 70, 60, 40, 30, and 20 
were interpolated by Everett’s method, with argument 
logio7*. The corresponding error in B*(20) for the 
(12—6) potential was 0.014 percent and the largest of 
the other errors was 0.0056 percent for 7*=70. The 
resulting B*(20) values were averaged with those found 
by a curve-fitting method described below. 

The values of B* for 7* in the range 1.60 to 20 were 
found by fitting the formula, 


(21) 


3 
Bt= > BT), 
=-3 


to several sets of known points in the range 7*=0.78125 
to 200, excluding the evenly-spaced points between 0.80 
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and 1.50. For a= 12.0, the coefficients k; were computed 
for several sets of known points, as indicated in Table IV. 
The interpolated values obtained from various sets of 
starting points are compared in the table (* indicates 
that the interpolated point is in an interval adjacent to 
the middle point of the range of known points; ** indi- 
cates the B*(20) computed by Everett’s method). The 
discrepancies for a=15.0 were found to be about the 
same as those for a= 12.0 shown in the table. Following 
a scrutiny of Table IV, it was decided to use the known 
set T*= 3.125 to 50 for interpolating B* for T*=7 to 20. 
The known set 1.5625 to 12.5 was employed for inter- 
polating in the range 3.2 to 6.0, and the known set 
0.78125 to 6.25 for interpolating in the range 1.60 to 3.1. 
The B* value obtained in this way should be accurate to 
one in the fourth decimal place. 

The values of B* for T*=0.85 to 1.55 by steps of 0.10 
were found by curve-fitting the formula, 


Bt= > b(T*)5 (22) 
i=—2 


to the five points in each of the two known ranges: 
T*=0.8 to 1.2 by steps of 0.1, and 7*= 1.2, 1.3, 1.4, 1.5, 
and 1.5625; and interpolating the unknown points 
within these ranges. When the formula was fitted to all 
possible five-point ranges including 7*=0.95 and 1.25, 
for the extreme values of a, each of the unknown points 
was an interior point of four different ranges. The 
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discrepancies among the four calculated values of B* for 
each of these pairs of values of a and 7* were at most 
3X10~-*. At higher temperatures, the error of interpola- 
tion was less (610-7 discrepancy between two inter- 
polated values of B* for T*=1.45), whereas for 7* 
= (0.85, the low-temperature boundary of the range, the 
greatest discrepancy among three interpolated values 
was 1X10~. 

To summarize the computational errors present in the 
final values of B*(a,7*): For 0.40< 7*<0.75, the error 
(which arises in K) is 0.0003; for 0.80< 7*< 400, the 
sum of the interpolation errors and the errors in 
K(a,T*) may be as great as 0.0002; except that, at 
T*= 300, the larger error of interpolation may raise the 
total uncertainty to 0.0003. 
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Raman (liquid) and infrared (liquid and gas, with KBr and NaCl prisms) spectra have been obtained 
for two mixtures of CHI (9.3 and 61 atom percent) and C"H;I, and from these the vibrational spectrum 
of C3H;I has been deduced. In the Raman spectrum, only v3(a:)—the C—I stretching frequency—could be 
resolved from the C!2HgI lines; the isotopic shift was —17.7 0.5 cm™. In the infrared spectrum (gas), five 
isotopic shifts were obtained; they were: v1(a@1) —10+3, v2(a1) —5.5+1.0, v3(a1) —16.141.0, v5(e) —4.4+0.8, 
and ve(e) —3.740.3 cm™. For the remaining fundamental, »4(e), the shift was obtained by use of the Redlich- 
Teller product rule; the value was —9.4+2.3 cm™. Analysis of the perpendicular bands yielded, with the 
aid of microwave data, values of the rotational constants, Coriolis interaction constants, and band origins 
for the ve(e), vs(e), and v4(e) bands of C!#H;I and CHI, though the values for the »4(e) band of CH;I are 
incomplete and are only estimated values since the sub-bands were not resolved in this case. 





RDINARY C”H;I has been investigated many 
times,! but the vibration-rotational spectrum of 
C"H;I apparently has not been studied. In fact, no C® 
molecule of more than three atoms seems to have been 
studied in any great detail. 


EXPERIMENTAL 


After preliminary experiments and measurements 
with a sample containing only 9.3 atom percent C®, a 
sample of enriched methyl] iodide containing 61 atom 
percent C' was obtained from the Eastman Kodak 
Company, Rochester, New York. The former sample was 
prepared from BaC"O; (Eastman Kodak Company) 
by conversion to C"Q2, reduction with lithium alumi- 
ium hydride to C*H;OH, and treatment with HI to 
give C331, with an overall yield of 75 percent.? Both 
samples were vacuum distilled before use. 

The Raman spectrograms of the liquid were obtained 
with the high-dispersion camera (E-614) of the Hilger 
E612 spectrograph by use of previously described® 
techniques. A special small Raman tube of 0.4-ml capa- 
tity was used, with a plane mirror at the rear end (out- 
side the Raman tube) to increase the amount of scat- 
tered light. Exposures up to 25 hr at 30°C were made, 
with excitation by Hg 4358A. 

The infrared spectral records were obtained for both 
liquid and gas with a Perkin-Elmer Model 21 double- 
beam spectrophotometer (NaCl optics) and a Beckman 
IR-2 spectrophotometer (KBr optics). The liquid cell 


*For previous papers of this series, see J. Chem. Phys. 18, 346, 
1073, 1076, 1081 (1950); 19, 119, 784, 1561 (1951); 20, 454, 1949, 
1979 (1952); 21, 158, 189, 242, 930, 1778, 1781 (1953); J. Opt. Soc. 
Am. 43, 1061 (1953). 

| Present address: Department of Chemistry, University of 
Michigan, Ann Arbor, Michigan. 

t Publication No. 93. 

'Fenlon, Cleveland, and Meister, J. Chem. Phys. 19, 1561 
(1951), and the other references given there; I. L. Mador and R. S. 
Quinn, J. Chem. Phys. 20, 1837 (1952). 

Cox, Turner, and Warne, J. Chem. Soc. 3167 (1950). 

F. F. Cleveland, J. Chem. Phys. 11, 1, 227 (1943). 
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lengths were 0.12 and 0.11 mm, respectively. The gas 
cells for both were 10 cm in length and pressures up to 
22 cm Hg were employed. 


RAMAN SPECTRAL DATA 


Comparison of the Raman spectrograms for normal! 
methyl iodide with those for the 61 percent C’*-en- 
riched sample showed only one Raman line attributable 
to C'8H,I that was clearly resolved from the lines of the 
normal compound; this was the C—I stretching fre- 
quency »3;(a:). Figure 1 shows a microphotometer 
(Leeds and Northrup) tracing for this region of the 
plate. The Raman displacements for the C” and C® 
lines were 525.1 and 507.4 cm™, respectively. The 
average deviation for 10 measurements on three plates 
was 0.2 cm; the maximum deviation was 0.4 cm™. 
The isotopic shift in v3(a@:) was —17.7+0.5 cm“. 


INFRARED SPECTRAL DATA 
The Parallel Bands 


Resolution of the C® bands from those of the normal 
molecule as not accomplished for the liquid. Examina- 
tion of the records obtained for a CS» solution indicated 
a broadening of the »3(a:) band, but no quantitative 
estimate for the isotopic shift was possible. 


The V3 (a;) Band 


Figure 2 shows a comparison of the infrared trans- 
mission curves obtained with the Beckman instrument 
for gaseous samples of the C"-enriched (curve B) and 
the normal (curve A) methyl iodide in the region 
490-555 cm. Measurements for the normal methyl 
iodide yielded 522.1P, 533.40, and 544.4R cm™ (the 
P,Q, and R branches of the band), while for CH;I the 
corresponding values were 507.6P, 517.30 (average of 
Pand R), and 527.0R. The isotopic shift was — 16.1+1.0 
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Fic. 1. Microphotometer tracing of the v3(a:) Raman band for the 
mixture containing 61 percent C¥H3I. 


cm-!, which is to be compared with the value —17.7 
+0.5 cm obtained from the Raman spectral data for 
the liquid. 


TABLE I. Isotopic frequencies (vacuum corrected) for 
the fundamentals v2(a;) and »;(a1) 
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Funda- Branch 
mental Investigation a Q R 
Bennett, Meyer* 1240 1251.4 1263 
v2(a,) Lagemann, Nielsen (1238)*4 1251.4 (1262) 
P t It C2 1239 1252.5 1263 
eT C8 (1238) 1247 (1259) 
Bennett, Meyer 2959 (2969.8) 2980 
vi(a:) Lagemann, Nielsen tee 2969.0 tee 
12 ona 
Present results {Gi tang os 





The ve (a) Band 


The data obtained for the fundamentals v2(a,;) and 
vi(a;) are listed in Table I. The band v2, which appeared 
(Fig. 3) as a POR structure, showed a Q-branch shift of 
—5.5+1.0 cm™ for the 61 percent C sample. With the 
9.3 percent sample, the only evidence of the isotopic 
shift was a loss of the resolution between the Q and R 
branches, caused by the superposition of the C™ 
R branch between the C” Q and R branches. 


The v;(a,) Band 


The band v;(a;) appeared as a PR doublet. For the 61 
percent sample, the C R branch was observed between 
the P and R branches of the C” band. The isotopic shift 
was estimated to be —10+3 cm. 


Wave Number in cm" 
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Fic. 2. Infrared absorption of gaseous CH;I in the region of the 


v3(a1) fundamental: (A) normal CH3I, (B) 61 percent C® enriched 
sample. 


The Perpendicular Bands 
The ve(e) Band 


For the two perpendicular bands »(e) and »;(e), 
resolution of the Q branch maxima for the C*Hsl 
molecule was attained. The transmission curves for 
ve(e) are shown in Fig. 4. The lower curve (C) shows 
the absorption arising from CHI after the lines due 
to the normal CH;I were removed. 

High resolution infrared data obtained with grating 
instruments are available for the normal CHsI.‘° The 
wave numbers obtained in the present investigation for 
the normal sample agreed with the grating data to 
within +1 cm-!. Numerous lines of water vapor and 





® Reference 4. 

> Reference 5. 

¢ Estimated from the tracings of LN, reference 5. 
4 Parentheses enclose uncertain values. 





4 W. H. Bennett and C. F. Meyer, Phys. Rev. 32, 888 (1928). 
5R. T. Lagemann and H. H. Nielsen, J. Chem. Phys. 10, 
(1942). 
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Fic. 3. Infrared absorption of gaseous CHI in the regions of 
the v2(a,)1250 cm™, »:(a;)2970 cm™, and v4(e)3060 cm funda- 
mentals: (A) normal CH;I, (B) 61 percent C® enriched sample. 


ammonia which covered the region 800-1800 cm were 
used to establish and check the calibration of the wave 
number cam. Because of the proximity of the C™ lines 
to the C” lines, it was found possible to determine the 
C® wave numbers—by interpolation between the 
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Fic. 4. Infrared absorption of gaseous CHslI in the region of the 
*(e) fundamental: (A) normal CH3I, (B) 61 percent C® enriched 
sample, (C) the deduced absorption for C“H;I alone. 
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Fic. 5. Infrared absorption of gaseous CH3lI in the region of the 
v;(e) fundamental: (A) normal CHI, (B) 61 percent C® enriched 
sample, (C) the deduced absorption for C“H;I alone. 


known C” wave numbers—with an accuracy greater 
than that ordinarily obtainable with the instrument 
used. Interpolations over very small ranges were 
required. 

For vg(e), smoothed data of BM‘, corrected to vacuum, 
were used for the interpolation, since for this band LN® 
list only five values and these differ from those of BM 
by an average of +0.3 cm™. The wave numbers thus 
obtained for C'"*H;I, together with the wave numbers of 
BM for C”HsGI, are given in Table II. 


The vs(e) Band 


The wave numbers for the »;(e) band (Fig. 5) of 
CH;,I were likewise obtained by interpolation between 
the known wave numbers for the C”H;I. For this, 
smoothed data of LN® were used because of their 
greater resolution. The values obtained are listed in 
Table ITI. 


The vs(e) Band 
As may be seen from Fig. 3, the Q branches of the 
various sub-bands were not resolved in the present 


work for either C"°H;I or C'H;I. Nor was it possible to 
measure an isotopic shift for this band. 


TABLE II. Positions of maximum absorption in the 
Q branches of the v¢(e) band.* 








Negative branch (AK = —1) Positive branch (AK = +1) 





Vvac (cm) Vvac (cm~) 
K CHI CBHI K C®H3I CBHI 
9 (818.2) 814.3 0 884.9 881.2 
8 (825.4) 821.3 1 892.6 889.0 
7 832.3 828.7 2 900.5 896.5 
6 839.8 836.0 3 908.3 904.7 
5 847.4 843.4 4 916.1 912.8 
4 854.7 851.0 5 924.1 920.4 
3 862.2 858.4 6 932.3 928.2 
2 869.5 866.2 7 940.3 936.7 
1 877.3 873.7 8 948.7 945.0 
9 (956.8) 953.2 








8 yyac =Wwave number corrected to vacuum; K=quantum number; AK 
=change in the quantum number during the transition. 

> Values in parentheses were calculated from the formula of BM, refer- 
ence 4; all other C"H;I values are from their data. 



































































































































TABLE III. Positions of maximum absorption in the 
Q branches of the »5(e) band. 








Negative branch (AK = —1) Positive branch (AK = +1) 





Yvac (cm) Yvac (cm~) 
K C8H3I CBHI K C®8H3I CBHI 
13 tee 1294 0 1445.6 1440.9 
12 1312* 1304 1 1457.4 1453.5 
11 1324® 1315 2 1469.6 1464.1 
10 1336* (1324)> 3 1480.9 1477.2 
9 13478 (1336) 4 1492.7 1490.1 
8 1357 (1347) 5 1504.4 1499.8 
7 1368* (1357) 6 1517.4 ree 
6 13788 (1369) 7 15284 1524 
5 1386.8 1382.6 8 15384 1535 
4 1398.5 1393.3 9 1549® 1545 
3 1409.5 1404.7 10 ee 1554 
2 1421.7 1417.0 11 1567 
1 1433.5 1429.3 








® Present results. 

b The five values in parentheses are uncertain because of incomplete 
resolution of the C! from the C8 sub-bands in this region for the mixture. 

© This sub-band was not observed; the calculated value was 1512.4 cm™. 


ROTATIONAL ANALYSIS OF THE PERPENDICULAR 
BANDS 


For the doubly degenerate fundamentals, the energy 
of the lower state is® 


Wr=Wot[BoJ (J+1)+ (Av—Bo)K* fhe (1) 


and that of the upper state for Q branch transitions 
(AK=+1, AJ=0) is 


Wou=W,4+[BiJ (J+1)+ (41—B)) (K+1)° 
F2Ai(K+1) he; (2) 


Wo is the zero-point energy for the lower state for 
which all vibrational quantum numbers are zero; 
W, is the vibrational energy of the upper state for 
which one of the vibrational quantum numbers 2, 25, 
or v is equal to 1; Bo, Ao, Bi, and A; are rotational 
constants (A,=h/82’c(I4)v, By=h/82'c(Tz)o; Ia and 
Izg=moments of inertia parallel. and perpendicular, 


TABLE IV. Calculated and observed values of the maximum inten- 
‘ties in the Q branches of the sub-bands of v¢(e) for C?H3I. 








Negative branch (AK = —1) Positive branch (AK = +1) 





K Jn (Im) cale (Im) obs K Jm (Im) calo (Im) obs 

cee eee eee cee 0 20 100 100 
1 20 48.5 65.1 1 20 49.4 56.0 
2 21 44.7 54.5 2 rs | 46.0 53.6 
3 20 77.8 84.2 3 zi 81.2 75.8 
+ 21 32.5 35.6 4 21 34.0 36.6 
5 21 26.9 20.2 5 21 27.2 Ba | 
6 21 38.4 40.9 6 22 41.6 49.8 
7 22 13.7 11.2 7 22 15.1 18.3 
8 22 9.3 8.8 8 22 10.4 10.4 
9 23 12.2 12.4 9 23 13.6 16.3 
10 23 3.7 2.1 10 24 4.2 bY | 
11 24 2.2 0.2 11 24 2.6 ap 
coe eee coe eee 12 26 29 1.5 
, 13 26 0.8 0.6 








6 See G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
first edition, Vol. 1, pp. 400 and 403. 


BERNSTEIN, CLEVELAND, 








AND VOELZ 





respectively, to the symmetry axis); J and K are quan- 
tum numbers for the initial state in the transition; 
h is Planck’s constant, c is the velocity of light; and 
¢ is the Coriolis interaction constant; the upper sign 
is used for AK=-+1, the lower sign for AK=—1. It 
must be remembered that the rotational constants and 
¢ are not the same for the different degenerate funda- 
mentals. 

The wave numbers »,, corresponding to the positions 
of maximum absorption in the Q branches of the sub- 
bands are therefore given by 


es vot A i(i— 2¢)— By+2[A (1-5) — Bi JK 
+[(A1—Bi)— (Ao— Bo) JK? 
+(Bi—Bo)Im(Jm+1), (3) 


where vo= (Wi1—Wo)/hc is the origin of the band, J,, 
is the value of J for the transition of maximum absorp- 
tion, the upper sign is for AK=-+1 (positive branch), 
and the lower sign is for AK= —1 (negative branch). 
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Fic. 6. Maximum intensities in the Q-branch sub-bands of the v¢(e) 
band of C”H;I (circles, observed; bars, calculated values). 


The values of J, for the various sub-bands can be 
found from the relation’ 


Tes=C'C" AxsgxsvSy 
Xexp{—[BoJ (J+1)+ (Ao—Bo)K* \ic/kT}, (4) 


where Ix, is the intensity of absorption for a given 
transition; C’ is a constant of proportionality; C” is a 
constant independent of J and K but depending on the 
particular vibrational transition; Axyz for AJ=0 is 
given by 


Axs=(J+14K) JFK) V/V (J+) 


(upper sign for AK=+1, lower sign for AK = —1, and 
for K=0 and AK=+1, the value given by this ex- 
pression must be multiplied by 2); gxs=2J+1 for 
K=0, 2(2J+1) for K0; v is the wave number; 5; is a 
nuclear spin factor given by 


S;= (27+1) (4P+4I+3)/3 
(for K divisible by 3, including K =) 
7 See reference 6, pp. 28, 421, 422, 426. 
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VIBRATIONAL SPECTRA OF C!?3H;3I 


or 
S;= (2I+1)(4P+41)/3 (for K not divisible by 3) 


([= = nuclear spin of H); k is the Boltzmann constant, 
and T is the absolute temperature. Values of Jm, the 
corresponding calculated values of J;,, and the present 
observed values of J, for the vg(e) band of CHI are 
given in Table IV and are shown graphically in Fig. 6. 
To measure J,,, an envelope corresponding to the P, 
R branch background was drawn through the bases of 
the Q branches. This was assumed to be the 100 percent 
line, from which optical densities and the correspond- 
ing relative intensities were computed. The alternating 
intensities (strong, weak, weak; ...) arise from the 
nuclear spins of the three identical H atoms. The general 
correspondence between observed and calculated in- 
tensities is good; exact agreement is not to be expected 
because of superposition of the weaker P and R branch 
lines on the Q branch lines. 


TABLE V. Molecular constants for C2H;I and C#H;I. 








Funda- 


mental C®HsI 


0.24925 

5.1203 

0.199 
882.5 


C8Hal 


0.2362 

5.1035 

0.198 
879.0 


Quantity 





ve(€ ) 
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has pointed out that the accuracy of rotational 
constants obtained from this equation is limited, since 
the dependence of the moments of inertia on the vibra- 
tional frequency is neglected and the sum rule holds 
exactly only for strictly harmonic vibrations. If, de- 
spite this, we use these values of Ao, with the values of 
B,, Bo, and J», obtained as indicated above and the 
observed wave numbers, in Eq. (3), the molecular 
constants given in Table V are obtained." 

An attempt to determine all of the constants for 
C”H;I by the method of least squares alone yielded 
values of B,;—Bo whose signs were inconsistent with 
the values determined from the grating records of LN’°®. 
Also, comparison of the results for C"H;I and CHI 
indicates discrepancies in sign for B,;— Bo for the latter 
compound. These discrepancies arise from the difficulty 
in determining ‘wo small constants for C"H;I by the 
least square method. While an error in sign for B;— Bo 
does not affect the other constants too greatly, never- 
theless the values given in Table V for CH;I are prob- 
ably not as reliable as those for C“H;lI. 


TABLE VI. Fundamentals for gaseous C®H,I and the 
isotopic shifts for C%H,I. 








v(C#H 31) —»(CH3I) 


10+3 cm 
5.5+1.0 


vvacC?®H al 


v1(a)) 2969.0 
v2(a1) 1251.4* 


Fundamental 





0.25171 

5.1040 
/—0.208 
1437.8 


0.2372 
5.0894 
—0.216 
1434.1 


533.4 
va (a1) 525.1° 
v4(e) 3062.2° 
v5(e) 1437.8° 
ve(e) 882.5° 


16.1+1.0 

17.7+0.5 
9.4+2,34 
44+0.8 
3.70.3 


0.24772 

5.0527 

0.054 
3062.2 


va(e) (0.041) 


(3052.8)° 








* If Lagemann and Nielsen's data had been used for ve(e), each of these 
values of vo would have been increased by 0.3 cm=!; the other constants 
would not have been affected. 

> Obtained by ¢-sum rule. 

* Obtained by use of the Redlich-Teller product rule. 


The calculated values of J» for the vs(e) and »v5(e) 
bands of C?H;I, and for the three bands of C¥H3I, 
differ very little from those given in Table IV, and the 
corresponding values of J,, show practically no change. 

For C®H3I, values of B, were obtained from the rela- 
tion vs =Jm—vz-0= (Bi—Bo)Jm(Jm+1). The values of 
“J=Jm and vy.o were determined by measurement of 
enlargements of the published grating records of LN, 
and By was obtained from microwave work.’ For C"HsI, 
B; could not be obtained in this manner since no grating 
tecords were available. 

An accurate value of Ao is not available. The best one 
can do is to use the precise microwave values for Bo 
together with the sum rule of Johnston and Dennison? 
'o obtain the values 5.09 and 5.07 cm™ as the Ao 
Values for C2H;I and CHI, respectively. Herzberg 


ee 
, Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 
M. Johnston and D. M. Dennison, Phys. Rev. 48, 868 (1935). 








* Lagemann and Nielsen value, corrected to vacuum. 
b Raman value for the liquid state. 

© These are the vo values from Table V. 

4 Calculated from the Redlich-Teller product rule. 


ISOTOPIC SHIFTS 


The observed isotopic shifts in the »(e) and »5(e) 
fundamentals were —3.7 and —4.4 cm~, respectively. 
The shift in »4(e) could not be measured, but was esti- 
mated from the Redlich-Teller product rule to be —9.4 
cm~!, The observed shifts for all the fundamentals are 
summarized in Table VI. 
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0 Reference 6, p. 436. 

| The vo values differ appreciably from those given in Table 85 
of Herzberg’s book (reference 6, page 315). Upon inquiry Dr. 
Herzberg has informed us that an error in sign has occurred in the 
computation of his table and that +2A.¢ should be added to the 
values of v4, vs, and v¢ given in that table. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 22, 











FEBRUARY, 1954 





NUMBER 2 


Influence of Solvent upon the Energy Difference between Rotational Isomers 
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The energy difference between the rotational isomers of the gauche- and trans-forms of 1,2-dichloroethane 
in various solutions have been calculated by use of a modified Onsager’s reaction field. The following assump- 
tions have been employed in the calculation: first, the cavity of the solute molecule is spheroidal; second, 
the dipole moment of the molecule is composed of two point dipoles which are placed at the foci of the 
spheroidal cavity, the focal distance being taken as equal to the distance between the contact points of the 
carbon and chlorine atoms in the dichloroethane molecule. The change of energy difference between rota- 
tional isomers by solvents thus computed has been found to be in close agreement with the experimental 
observations, that is, those obtained by infrared absorption measurements as well as dipole moment. 





1. INTRODUCTION 


MOLECULE which consists of rotational isomers 

is known to have various isomeric ratios in solu- 
tion, since the relative energies of these isomers are 
greatly affected by the medium. 1,2-dichloroethane, 
for instance has two rotational isomers, namely the 
trans- and gauche-forms;! and the energy difference 
between them decreases when dissolved in solution, 
resulting in an increase in the amount of gauche-isomer 
and a decrease in /rans-isomer. This phenomenon is due 
to the fact that the highly polar gauche-form which 
corresponds to a higher energy in vacuum than the 
nonpolar ¢rans-form is stabilized in solution by the ac- 
tion of a high reaction field induced in the surrounding 
medium. This decrease of energy 5E has been calcu- 
lated by taking Onsager’s field? as the reaction field,’ 
that is, 

e—1 


—, 1 
2e+1 a a) 


bE = AE gas— AE soin= 37? = 





where AE gas or AF son are the energy difference between 
the gauche- and trans-forms referred to the gaseous state 
and to the solution, respectively, u the dipole moment 
of the gauche-form in the gaseous state, and a the radius 
of the cavity of the solute molecule. 

The 5E£ computed by Eq. (1) seemed to agree well 
with that observed; however, » in Eq. (1) should not 
represent the moment in the gaseous state, but that of 
the solution. According to Onsager and Béttcher® the 
uw? of Eq. (1) must be written as Eq. (2) in the solution, 


2 





(2) 


co ? 
1—ra 


? Mizushima, Morino, Watanabe, Shimanouchi, and Yamaguchi, 
J. Chem. Phys. 17, 591 (1949); J. Powling and H. J. Bernstein, 
J. Am. Chem. Soc. 73, 1815 (1951). 

2L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936); C. F. J. 
Béttcher, Theory of Electrical Polarization (Elsevier Publishing 
Company, Houston, 1952), Chapter V. 

3 Mizushima, Morino, Watanabe, and Shimanouchi, J. Chem. 
Phys. 17, 663 (1949). S. Mizushima and Y. Morino, J. Chem. 
Phys. 18, 1516 (1950); H. Frohlich, Theory of Dielectrics (Oxford 
University Press, London, 1949), p. 36. 
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where a is the polarizability of the molecule. When this 
formula is examined, it will be found that there is no 
coincidence with the experiment as shown by curve B 
in Figs. 1 and 2. Obviously this disagreement, in spite of 
closer approximation, seems due to the defect of the 
model. The cavity is considered as a sphere and the 
dipole is placed at its center. In fact, the dipole is 
localized at the two C—Cl bonds of dichloroethane 
molecule, and it may be more reasonable to consider 
the cavity as being spheroidal rather than spherical. In 
this paper it will be shown that the refinement of these 
two points brings about satisfactory results; for esti- 
mating the reaction field. 
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Fic. 1. The relation between the dielectric constant of solvent 
and 6E of 1,2-dichloroethane. Curve A: The calculated values by 
the new model. Curve B: The calculated values by Onsager’s 
spherical model. 


2. THE CALCULATION OF REACTION FIELD 
AND THE ENERGY DECREASE 


As stated above, the two-point dipoles are assumed 
to be located at the contact points of the carbon and 
chlorine atoms, and the dipoles are assumed to be in 
the direction of the C—Cl bonds. 

As for the shape of the cavity, a prolate form of 
spheroid is assumed because of its resemblance to the 
real molecule, the circumference of the cavity being 
plastered by a continuous medium of dielectric con- 
stant «. The line connecting the two dipoles is taken 
as the symmetry axis, that is, the z axis of the spheroid, 
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and the positions of the dipoles are taken as the foci. 
The geometry of this model is shown in Fig. 3. 

The polarizability of the whole molecule, a=3Pz/ 
4rN, is divided into two equal parts and placed at the 
same points as the two dipoles. Here Pz is the elec- 
tronic polarization of this molecule and is computed 
from the index of refraction extrapolated to infinite 
wavelength. It is also assumed that these localized 
polarizabilities are isotropic. 

On the basis of this model the reaction field at the 
focus is obtained by calculations, using the dielectric 
constant ¢, the eccentricity of the spheroid e, and the 
distance between the dipoles 2c. This reaction field has 
its origin in one dipole located at the focus itself and one 
at the other focus. (Also, the field induced by a dipole 
consists of the two components: the field parallel to 
the z axis due to the perpendicular component of the 
dipole.) Accordingly, the reaction field at a focus con- 





Meoh 
































20 
é€-1 


Fic. 2. The relation between the dielectric constant of solvent 
and 5£ of 1,2-dibromoethane. Curve A: The calculated values by 
the new model. Curve B: The calculated values by Onsager’s 
spherica] model. 


sists of the following four components: 


(2n+1){n(n+1)}? 
| P,' (2) P,,' (2) 7 
Qn'(v0) Qn’(v)) 


ry’ w= —% (4n—1){2n-(2n—1)}? 
Naat 808 


n=1 








n=1 


Pon—t’ (2) Pont’ (09) 2 20 
BS — ~ 4n+1 
| Qon—1'(%) Qen—1’ (v0) a — 





Pon!’ (0% Py! o))7 
(v0) =| | (3b) 
Qen'(00) Qen(v0) 
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Fic. 3. The geometry of the model. The positions of the 
two foci are shown by +c and —c, respectively. 








ry Bun = Mau 


<—“é (4n—1){2n(2n—1)} 
4c 


Pon—1() Pon-1(0%) = « 
Xie ae —¥ (4n+1) 
| Qeon—1(%) Qen—1(20) a ; 


Pon(v0) ol (3d) 
Qon(v0) Qen(vo)} J 


The derivation of these formulas are given in the 
appendix. Here the subscripts II and .L denote the com- 
ponents parallel and perpendicular to the z axis, re- 
spectively, ru the reaction field at the position of the 
focus where the dipole is placed, and r’y the field at the 
other focus. 

Now, let the angle between the perpendicular com- 
ponent of two dipoles at each focus be @ as shown in 
Fig. 4, the total energy of the molecule is given by 








X {2n(2n+1)}- r 


1 1 
E=E)+2 sh uch rw tal tar re cos@) }, (4) 


where Ep is the energy due to the effect other than the 
reaction field. The components of the dipole moment 
u,, and yw, in Eq. (4) are related to those in the gaseous 
state, Uyjgas ANd pygas. 
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In consequence, the energy difference between the 
two molecular forms A and B in which the dipoles 








Fic. 4. The angle relation of the model. 








components pu, have the angles 04 and 6z, respectively, 
is written as 


AE= (Eoat+E,a)— (Eos +E,2)=AEo+AE,, (6) 


where E,4 and E,, correspond to the second term of 
Eq. (4). Therefore, the final expression for the energy 
decrease which occurs in the transfer from the medium 
of dielectric constant €; to the medium of é, is given by 


5E= AE(e:) —AE(€2) = AE, (€:) —AE,(€2). (7) 


Here Ep is assumed independent of e. 

Now the reaction field in the gaseous state is zero 
because €gas™~1. It follows that for the decrease of energy 
difference by the transfer from the gaseous state to the 
solution of dielectric constant ¢,, Eq. (7) is simply 
reduced to 

5E= —AE,(e,). (8) 


3. COMPARISON WITH THE EXPERIMENTAL 
RESULTS 


In comparison of this theory with the experimental 
results, it seems proper to use the data of dichloroethane 
because it has been investigated in detail. 

To obtain the parameters yp, e, and c for the calcula- 
tion, the following experimental data are employed. 
The C—Cl bond moment in gaseous state u(C—Cl) 
is taken as 1.56D: this value was obtained from the 
observed moment of the gauche form ye in the gaseous 
state 2.55D, assuming C—C—Cl=110° and @ gauche 
=44°,.* The dipole-dipole distances are also taken as 
2.52A and 2.27A in the ¢rans- and gauche-forms, re- 
spectively, the covalent radii of carbon being assumed 
as 0.77A, together with 6 gauche= 44° and 60 trans= 180°. 
From the electronic polarization of this molecule, 
Pz=21.0 cm’, the polarizability located at each focus, 
a/2, is estimated as 4.2 10~* cm’. 


TABLE I. The decrease of energy difference. 








6E= AE gas —AEsoin 





Solvent 5Eobs cal/mole 5Ecaic cal/mole 
1,2-dichloroethane 
n-hexane 350 390 
n-heptane 290 440 
carbon tetrachloride 720 480 
carbon disulfide 910 660 
pure liquid 1270 1220 
methy] alcohol 1530 1340 
1,2-dibromoethane 
carbon tetrachloride 690 480 
carbon disulfide 770 620 
pure liquid 900 780 
methy] alcohol 1170 1100 








* The value of @ gauche is obtained by the model in which the 
central azimuthal angle of the two C—Cl bonds around the C—C 
axis is tentatively assumed as 60°. 
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TABLE II. Energy difference of the gauche- and trans- 
isomers in various solutions. AE=Eg—Er. 











AE cal/ Ref. 
Solvent € mole Method No. Mean 
1,2-dichloroethane 

gas 1 1320 IR 8 

gas 1 1030 IR b 

gas 1 1210 RandIR °¢ 1270+100 
gas 1 1400 H q 

gas 1 1480 IR(D) e 

gas 1 1210 D.C. f 

n-hexane 1.9 9200 DC. g 920+ 100 
n-heptane 2.0 980 D.C. h 980+ 100 
carbon tetrachloride 2.2 510 IR i 510+ 100 
carbon disulfide 24 360 IR i 360+100 
carbon disulfide 2.7 530 D.C. h 

pure liquid 10.0 0 Rand IR iit 0 
methyl alcohol 33.0 -—260 IR i —260+100 

1,2-dibromoethane 

gas 1 1450 IR ! 

gas 1 1400 D.C l 

gas 1 1770 IR m 1650+ 100 
gas 1 2000 IR(D) e 

carbon tetrachloride 2.2 960 IR i 960+ 100 
carbon disulfide 2.7 880 IR i 880+ 100 
pure liquid 48 740 R k 

pure liquid 48 760 IR b 750+ 100 
pure liquid 48 730 IR i 

methyl alcohol 33.0 480 IR i 480+ 100 








8H. J. Bernstein, J. Chem. Phys. 17, 256 (1949). 
ae Mizushima, Kuratni, and Katayama, J. Chem. Phys. 18, 754 

¢ Watanabe, Mizushima, and Mashiko, Sci. Papers Inst. Phys. Chem. 
Research (Tokyo) 40, 425 (1950). 

dW. D. Gwinn and K. S. Pitzer, J. Chem. Phys. 16, 303 (1943). 

e J. Powling and H. J. Bernstein, J. Am. Chem. Soc. 73, 1815 (1951). 

f Watanabe, Mizushima, and Morino, Sci. Papers Inst. Phys. Chem. 
Research (Tokyo) 39, 401 (1941). 

® Mizushima, Morino, and Higasi, Sci. Papers Inst. Phys. Chem. Re- 
search (Tokyo) 25, 153 (1934). 

bh A, E. Stearn and C. P. Smyth, J. Am. Chem. Soc. 56, 1667 (1934). 

ik. Kuratani, Repts. Inst. Sci. Technol. (Tokyo Univ.) 6, 221 (1952), 
7, 11 (1953). 

i H. Gerding and P. C. Meermann, Rec. trav. chim. 61, 523 (1942). 

k Rank, Kagarise, and Axford, J. Chem. Phys. 17, 1354 (1949). 

1Shimanouchi, Turuta, and Mizushima, Sci. Papers Inst. Phys. Chem. 
Research (Tokyo) 42, 117 (1944). 

mH, J. Bernstein, J. Chem. Phys. 18, 897 (1950). 

IR: Infrared absorption spectrum, R: Raman spectrum, D.C.: dielectric 
constant, H: Heat capacity, and IR(D): Infrared absorption spectrum in 
dilute solution. 

The AE from the dipole moment data is calculated by its temperature 
dependence. The details of the method are contained in a paper which will 
be published in the near future by I. Miyagawa. 


Next, the eccentricity e of the spheroid is related to 
its volume v and the distance 2c between the two foci by 


l-—e 3v 
= (9) 
é 4rc3 





The volume 2 is given by the simple relation, x= M/Nd: 
from the density d of the liquid, molecular weight M of 
the molecule, and Avogadro number JN. For dichloro- 
ethane, the density 1.24, and the molecular weight 
98.97 give the values of e=0.38 and 0.35 for the trans- 
and the gauche-forms, respectively. 

The calculated values of the decrease of the energy 
difference by the solvents are listed in Table I. The ex- 
perimental values of 5E are estimated from the values 
of the AEs, and Ain obtained by the Raman and 
infrared spectra and dipole moment measurements 
which are shown in Table II. 
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For 1,2-dibromoethane the 6E£ is calculated similarly 
by the use of the parameters, 4(C—Br) gas= 1.22D from 
the experimental result of ug=2.00D,* a/2=5.3X 10 
cm’, and e=0.38 and 0.35 for the trans- and the gauche- 
forms, respectively. These results are also shown in 
Tables I and II. 


4. DISCUSSION 


As for the electrostatic energy of the dipole molecule 
in the solution, Bell® calculated only the field energy 
and obtained too small a value. The idea of the reaction 
field was proposed by Onsager, and his model proved 
to be a reasonable one for the explanation of the di- 
electric behavior of the polar liquids. This theory gave 
higher electrostatic energy than Bell’s and showed that 
the reaction field gave the main contribution to such 
energy. 

The Onsager’s theory was refined by Fujishiro,® by 
Abbott and Bolton,’ and by Food and Dekker,® the 
shape of cavity and the position of dipole being taken 
into consideration. Their results showed, in general, 
close agreement with the observed for the dielectric 
constant of the pure liquid. 

On the other hand the case of rotational isomers in 
solution affords another example that the reaction field 
has an appreciable influence upon its character. How- 
ever, for the explanation of solvent effect of molecules 
which have rotational isomers, these one dipole models 
are not satisfactory, as pointed out in Sec. 1. In con- 
trast to them our two localized dipole model appears 
to be a better one for the experimental result, as shown 
in Figs. 1 and 2. 

The above calculation includes some rough assump- 
tions that the molecular volume as well as the C—Cl 
bond moment of the gauche- and the trans-forms are 
considered to be the same, because unfortunately we 
could not obtain these values by experiments. But a 
slight change of the molecular volume was found to 
have no significant effect on the result. 

It has been well known that such molecules as di- 
chloroethane show abnormal dipole moment and ab- 
normal dependence of temperature in benzene and 
toluene solutions ; and Mizushima eé¢ al.,° have suggested 
that it may be due to the affinity between the hydrogen 
atoms of benzene ring and halogen atoms in dichloro- 
ethane. This interesting phenomenon, which we may 
call “benzene effect,”’ will not be discussed here, for it 
appears evident that this has no relation to the reaction 
field problem. 


‘Watanabe, Miyagawa, and Morino, Repts. Inst. Radiation 
Chem. (Tokyo Univ.) 3, 25 (1948). 
*R. P. Bell, Trans. Faraday Soc. 27, 797 (1931). 
*R. Fujishiro, J. Chem. Soc. (Japan) 65, 352 (1943). 
ase Abbott and H. C. Bolton, Trans. Faraday Soc. 48, 422 
®D. G. Food and A. J. Dekker, J. Chem. Phys. 20, 1030 (1952). 
*Mizushima, Morino, and Higashi, Sci. Papers Inst. Phys. 
Chem. Research (Tokyo) 25, 153 (1934). 
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APPENDIX 
The Calculation of the Reaction Field 


The reaction field induced in the medium surrounding 
the spheroidal cavity will be derived by the use of the 
model stated above. For this problem the spheroidal 
coordinates, v, w, and yg, would be convenient; accord- 
ing to them the Cartesian coordinates are represented by 


x=c-[(v?—1)(1—w)?]! cosg, 


y=c-[(v—1)(1—w)?}' sing, (A1) 
and 


where c is the distance of a focus from the center of the 
spheroid. Now, the reciprocal of the distance R be- 
tween the two points P(x,y,z) and P(%1,91,21) is ex- 
panded in the series of spherical harmonics” as follows: 


1 1 


R- L(x—21)?+ (y—yi)?+ (2-21)? }! 





l « 
=-- > [(2n+1)Pn(w)Pn(wiQn(v) P(r) ] 


Cc n=0 
n (n—m)! 
42> (—1} | an +1) 
m=l (n+m)! 
X Pi” (w)P i” (wi)On™(v)P (v1) cosm(y—¢1), (A2) 


where P,,” and Q,” are, respectively, the first and second 
kind of spherical harmonics of the mth order and mth 
degree. By differentiating Eq. (A2) partially by x, 
multiplying by yz, and then putting #;=0, y;=0, and 
%=c; that is, 1=1, wi=1, and g=0, the potential 
at the point P due to the dipole yu, which is placed at 
the focus «=c is written in terms of spherical harmonics 
as follows: 


a1 uz » (2n+1) 
| gees 
wi=l1 


Vo=uz’ |— == 
Ox, R CF n=l 2 


mn =1 
gi=0 


XP,’ (w)Qn’(v) cosy. (A3) 


The reaction field will be derived from the dipole po- 
tential (A3) and the boundary conditions. In the first 
place, considering the fact that the potential in the 
cavity must be continuous at the origin, together with 
the fact that the dipole must have onefold symmetry 
about the z axis, the potential for the reaction field 


 E. W. Hobson, Spherical and Ellipsoidal Harmonics (Cam- 
bridge University Press, Cambridge, 1931), p. 415. 
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inside the cavity may have the following form, 


Vi=¥ AgPy!(w)Px! (0) cosy. (A4) 


n=1 


On the other hand, the potential outside the cavity 
may be expressed as Eq. (AS), referring to the condition 
that the potential must be zero at infinity, 


Vo RP cme. (AS) 


n=1 


Two boundary conditions at the surface of the spheroid 
are as follows: 


(Vot Vio =v9> ( Ve)v =v0 (A6) 


ri) OV. 
|—(Wet V;) = ( ) P (A7) 
Ov v=v0 Ov Jv =v0 


The coefficients A ,’s of Eq. (A4) are obtained by elim- 


inating the B,’s: 
uw (2n+1) Px'(0) Pn’ (v0) 
(1) [| "|, cas) 
/ Qn’ (%) Qn’ (v0) 


where v= 1/e, e being the eccentricity of the spheroid, 
and P,’ and Q,’ are, respectively, the first derivatives 
of P,’ and Q,’. 

Let r,u, and r,’u, be the reaction field at z=c and 
z= —c, respectively, induced by a dipole placed at s=c 
and perpendicular to the z axis: that is, r,u, is the re- 
action field at the focus z=c where the dipole is placed, 
and r,’u, is that at the opposite focus, then finally 


and 





(e—1) » 
> (2n+1){n(n+1)}? 


nd P,!() Py!(v) \~ 
xe a 
Qn'(%) Qn’ (v0) 


Tyi=es* 





, (Ad 


and (e-1) 
1s’ i=Us° “ b (4n—1){2n-(2n—1)}? 


=1 





”, (4n+1) 


n=1 


| Pon—1' (%) Pon_1'(v0) 7 
“Qon1! (v0) Qon—1’ (0) 





Pon! (v9) Pon! (v0) “= 
—— | (A10) 
Qon'(%0) Qen’ (v0) 


The parallel components of the reaction field induced 
by the perpendicular component of the dipole moment, 
ra, and 7,,/u, are zero because of the symmetry of the 
spheroid about the z axis. 

Similarly, the reaction field parallel to the z axis 
induced by the dipole component parallel to the z axis 
is obtained as 


X{2n-(2n-+1)}*|¢ 


(e— 1) oo 
> (2n+1){n(n+1)} 


4c>— n=1 
| P,(v%) P,,(v%) 
"Qn(20)  Qn(00) 


Tihiu=Mu- 





7 (Alt) 


and 


e—1)f ~ 
ial ibs (4n—1){2n(2n—1)} 
43 


n=1 





| Pon—1(V) Pon—1(v0) 
“Qan-1(20) Qon—1(2) 


5 ~¥ (4n+1) 


Pon(v) Pon(v) 
Qeon(o) Qon (v0) 


Their perpendicular components of the reaction field 


induced by the parallel component of the dipole mo- 
ment, r,u,, and 7,’u,, are also zero. 





x (2n(Qn-+1)}| | (A12) 
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The infrared spectra of thin films of H.NOH and D.NOD were obtained at —78° and —190°C in the 
region 4000-500 cm. Two distinct types of spectra resulted depending on whether the films were formed at 
—78° or at —190°C. The spectra obtained when the films were formed at —190°C were characterized by 
broad overlapping bands; those formed at —78°C gave much narrower bands, some of them splitting into 
two or more distinct components. The latter type spectrum is representative of the stable crystalline form 
at low temperature. This spectrum could not be correlated with the amine oxide form of hydroxylamine, 
NH;—0. Satisfactory vibrational assignments could, however, be made for the model with symmetry of 
the point group C;, H2NOH. If cis- and trans-rotational isomers coexist in the solid, they must possess 
very nearly the same potential energy or at least a high potential barrier between them. The O—H stretching 
vibration in the solid is found at a very low frequency, 2867 cm™, indicating a very strong hydrogen-type 


bond with energy of about 13 kcal per mole. 





I. INTRODUCTION 


YDROXYLAMINE is a relatively simple sub- 
stance for which two different structures have 
been proposed to account for its properties. The first, 
and most commonly accepted configuration, is H2NOH, 
where the HNO and the NOH angles are near to those 
in NH; and H.O. This model has only one element of 
symmetry, ie., a plane of symmetry through the 
N—O-—H atoms and bisecting the HNH angle. It 
therefore would possess the symmetry of the point 
group C,. Both the cis- and the ¢/rans-rotational isomers 
would have this symmetry. The second possible 
structure which has been considered is the amine 
oxide form, H;N—0, in which the hydrogen atoms and 
the oxygen atom are arranged tetrahedrally about the 
central nitrogen atom. This model has the symmetry 
of the point group C3,. It has been proposed on the 
basis of chemical evidence,! but others” have interpreted 
the same type of data as evidence against the amine 
oxide form. Nevertheless, because it is still suggested 
as a possible tautomeric form in recent texts on inorganic 
chemistry® it would be desirable to settle this question 
definitely. 
Neither the infrared spectrum nor the Raman spec- 
trum of crystalline hydroxylamine has been reported.{ 


* Based on a thesis submitted by Richard E. Nightingale in 
partial fulfillment of the requirements for the Ph.D. degree at 
the State College of Washington. 

+ Present address: School of Chemistry, University of Min- 
nesota, Minneapolis, Minnesota. 

1F. Haber, Ber. deut. Chem. Ges. 29, 2444 (1896). 

?P. Baumgarten and H. Erbe, Ber. deut. chem. Ges. 72B, 
2603 (1938). 

3N. V. Sidgwick, The Chemical Elements and Their Compounds 
(Oxford University Press, London, 1950), Vol. I, p. 681. 

t After this manuscript was prepared an article appeared by 
P. A. Giguére and I. D. Liu [Can. J. Chem. 30, 948 (1952)], in 
Which the infrared spectrum of crystalline H:NOH mulled in 
Nujol at room temperature was reported. Because of the reactive 
nature of H2NOH and the fact that important bands are masked 
out by the Nujol, we feel that their spectrum does not give as 
true a picture of the solid as our low-temperature crystalline film 
spectra. 


A Raman spectrum has been reported for liquid 
hydroxylamine,’ but only a mediocre spectrum resulted 
because of decomposition with the emission of gas 
bubbles. Raman spectra of a solution of hydroxylamine 
in water obtained by neutralizing hydroxylammonium 
chloride with sodium hydroxide, have also been 
reported.® 

These Raman data, which are given in Table I, have 
been interpreted as arising from the C, model of hy- 
droxylamine although no detailed analyses have been 
made. No data of any kind have been reported on the 
deutero-compound, and unfortunately no crystal struc- 
ture work has appeared on either compound. 

In order to throw further light on the question of the 
structure of these molecules, the infrared spectra of 
thin films of crystalline H,NOH and D,NOD were 
studied at —78° and —190°C in the region 4000-500 
cm™. The amine oxide model does not permit a satisfac- 
tory vibrational assignment to be made from our data, 
and consequently it must be ruled out as a possible 
structure for the hydroxylamine molecule in the crystal. 
The C, model does allow a satisfactory vibrational 


TABLE I. Raman studies on H2NOH. 








Bernstein and Martin» 
25 percent 
solution of H2NOH 


Medard* 
Liquid H2NOH 


897 (6) 
921 (6) N—O stretch 
1034 (0) 
1108 (1) 


1311 (0) 
1605 (3) 
3259 (5) 
3306 (3) 





906 (10) N—O stretch 
1042 

1120 (6) 

1290 (0) 

1365 (1) 


3257 (1) 








® See reference 4. 
b See reference 5. 


4L. Medard, Compt. rend. 199, 421 (1934). 


5H. J. Bernstein and W. H. Martin, Trans. Roy. Soc. Can. 
III, 31, 95 (1937). 
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assignment to be made, although nothing can be 
concluded from this fact as to which of the two rota- 
tional isomers is most stable. 


Il. EXPERIMENTAL METHODS AND TECHNIQUES 


Two separate methods were used for the preparation 
of free hydroxylamine and deutero-hydroxylamine.® 
The first method involved the neutralization of cp hy- 
droxylammonium chloride with sodium butoxide and 
subsequent crystalization of the hydroxylamine at 
—10°C.7 In the second method free hydroxylamine was 


ai 
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Fic. 1. Infrared spectrum of a “supercooled” 
film of hydroxylamine. 


prepared by the thermal decomposition of the phosphate 
salt, tertiary hydroxylammonium phosphate, at reduced 
pressure.® After purification by vacuum sublimation 
the products from the two methods had the same 
appearance, the same melting points (33-33.5°C at 20 
mm Hg pressure of dry nitrogen), and both gave 
identical spectra. 

The hydroxlamine films were prepared by direct 
sublimation in a vacuum of less than 10~* mm Hg onto 
the cooled rocksalt sample support of a low temperature 
infrared transmission cell. The cell is essentially the 
same as the one previously described® except that a 
means has been provided for introducing the vapors 


vata” al 
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Fic. 2. Infrared spectra of the stable low-temperature 
form of hydroxylamine. 


directly onto the sample support in the cell. The films 
were studied during formation by observing the inter- 
ference patterns in a beam of light reflected from their 
surface. The film thickness was controlled by counting 
the number of times the color at the center of the film on 
the sample support went through red. The period of 


6R. E. Nightingale and E. L. Wagner, J. Am. Chem. Soc., 
75, 4092 (1953). 

7C. D. Hurd, Inorganic Synthesis (McGraw-Hill Book Com- 
pany, Inc., New York, 1939), Vol. 1, p. 87. 

8 R. Uhlenhuth, Ann. Physik 311, 117 (1900). 

° E. L. Wagner and D. F. Hornig, J. Chem. Phys. 18, 296 (1950). 


film formation was from one to two minutes, and the 
thickness were estimated to be 0.1-1.5 micron. Films 
were condensed at both — 190° and —78°C using liquid 
nitrogen and dry ice as coolants. Those obtained at 
—190°C were very transparent and nonscattering. 
Even the very thick films could be seen only by reflected 
light. The films obtained at —78°C also showed inter- 
ference colors by reflected light, but, in addition, they 
were slightly foggy when viewed by transmitted light, 
becoming more so with increasing thickness. The 
absorption spectra of these two types of films differed 
in some details. However, it was found that a film of the 
second type could be studied at — 190°C by forming the 
film at —78°C and then cooling on down to — 190°C. 
This did not result in any detectable change in the 
appearance of the original film. 

The infrared spectra in the rocksalt region were 
taken on a Model 21 Perkin-Elmer infrared spectrom- 
eter. This is a double-beam instrument recording 
directly in percent transmission versus waves per 
centimeter. The spectra in the potassium bromide 
region were obtained on a modified Model 12C Perkin- 
Elmer Infrared Spectrometer. The modification con- 
sisted of enclosing the entire optical path in an air-tight 
housing so that it could be flushed out with dry nitrogen 
gas until the atmospheric water and CQ, absorption 
bands were almost completely removed. Unfortunately, 
scattered radiation made the spectra below 500 cm™ 
highly uncertain. 


III. EXPERIMENTAL RESULTS 


The spectrum obtained for a film of H.NOH formed 
at —190°C is shown in Fig. 1. Spectra resulting from 
films of H,NOH and D:NOD formed at —78°C and 
then cooled on down to —190°C are shown in Figs. 2 
and 3. The observed frequencies of maximum absorption 
and their relative integrated band intensities for the 
two types of films are given in Table II. The intensities 
are based on the value of 100 for the strongest band in 
each spectrum. These were determined by measuring 
the area under the partitioned bands on the percent 
transmission versus waves per cm curves. Although a 
logarithmic plot of transmission should be used to 
calculate the integrated intensities, our method serves 
as a good approximation, and the errors involved are 
probably no greater than those introduced by the 
somewhat arbitrary partitioning of the overlapped 
bands. Admittedly, this method will cause the weak 
bands with small absorption to appear more intense 
than they actually are, and the strong bands with high 
absorption to appear less intense. In those cases where 
bands are greatly overlapped or where a band appears as 
a shoulder on a larger band, the estimated relative 
intensity can only be very approximate. 

In general, the absorption bands of the first type of 
films (those formed at —190°C) are quite broad and 
apparently unresolved relative to those in the spectra 
of the type of film formed at —78°C. In addition, the 
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VIBRATIONAL SPECTRA OF SOLID H:NOH AND D:NOD 


bands at 1605cm™, 1505cm™, and 1185cm™ in 
H.NOH and the corresponding bands in DzNOD 
become quite sharp and split into two components in 
the second type of film. The broad band at 900 cm™ in 
the Type I film of H,NOH shows an indication of being 
composed of several overlapped bands. These actually 
become resolved into four separate peaks in the Type II 
spectra. The situation with D,NOD in this region is a 
little different, since all but one band, that assigned to 
the N—O stretching mode, are shifted to lower fre- 
quencies and the bands become more distinctly sep- 








D,NOD 

TYPE 2 
—— -190° C. 
<---> = 78° C 


PER CENT TRANSMIS SION 








— renin Ce ee ee ee ee eee are . 
3090 2500 2000 soc on 
FOEGUENCY IN WAVES PER CM 


Fic. 3. Infrared spectra of the stable low-temperature 
form of deutero-hydroxylamine. 


arated. The relative intensity of the band at 2700 cm 
is increased considerably in the Type II spectrum and 
other less pronounced differences, such as frequency 
shifts, occur between the two types of spectra. 

This phenomena, wherein different spectra are 
obtained for films formed at different temperatures, 
occurs quite commonly. A similar behavior has recently 


TABLE II. Infrared frequencies of the two types of spectra 
of HzNOH and D:NOD. 








Type II Films 
at —190°C 
H:NOH D:NOD 


3302 (18) 2494 (14) 
3245 (5) 2390 (8) 
3173 (33) 
3065 (20) 
2867 (100) 
2787 (29) 
2675 (71) 
1697 (5) 
1675 (4) 
1564 (2) 
1515 (7) 


Type I Film 
at —190°C 
H:NOH 
3293 (33) 
3195 (71) 
3080 (29) 
2908 (100) 
2700 (53) 
1605 (8) 
1505 (15) 


1185 (29) 


at —78°C 

H2NOH D:NOD 

3305 (17) 2490 (16) 
2388 (8) 

3180 (43) 2330 (41) 
3070 (27) 2290 (6) 
2880 (100) 2195 (100) 
2800 (11) 
2700 (36) 2060 (33) 
1670 (13) 1242 (6) 
1560 (4) 1158 (1) 
1509 (5) 1130 (6) 


1286 (1) 
942 (15) 


1186 (19) 
945 (11) 670 (10) 
890 (1) 


928 (1) 
880 (20) 904 (13) 874 (11) 
848 (6) 


DeNOD 
2480 (66) 
2380 (16) 
2330 (81) 
2200 (100) 
2060 (50) 
1170 (5) 
1125 (9) 

940 (31) 





2175 (100) 
2145 (3) 
2056 (31) 
1267 (4) 
1242 (2) 
1165 (1) 
1132 (5) 
962 (1) 
942 (13) 
680 (9) 
891 (1) 
867 (10) 
650 (2) 


900 (29) 
867 (4) 








been reported by Malherbe and Bernstein” in forming 
films of 1,2-dichloroethane at low temperature. They 
found that when their films were formed at — 150°C, 
the spectra showed characteristics of a true crystalline 
solid, as was evidenced by the absence of the gauche- 
bands. However, when the films were formed at 
~—179°C, the infrared spectra were similar to that of the 
liquid, and bands resulting from the gauche- and trans- 
isomers of dichloroethane were formed. They concluded 


(1951) E. Malherbe and H. J. Bernstein, J. Chem. Phys. 19, 1607 
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that a glassy solid was formed at —179°C and found a 
sudden transition to the normal crystalline state 
occurred at —150°+2°C when the films were allowed 
to warm gently. A similar interpretation may be given 
to the behavior of hydroxylamine when films are formed 
at low temperature. However, the possibility of there 
being more than one crystalline form in this temperature 
range also exists, as does the possibility that the 
molecules crystallize differently at the different rates of 
condensation. Until the infrared spectrum of the liquid 
is known and some information as to the crystal 
structure is available, this point will have to remain 
undecided. In any case, the stable crystalline from at 
both —78°C and —190°C gives a Type II spectrum as 
shown in Figs. 2 and 3. The interpretation of the low- 
temperature infrared spectrum of hydroxylamine will 
be based on this type of spectrum. 

The temperature effects of the stable crystalline 
forms of H,NOH and D.NOD are also shown in Figs. 2 
and 3. There is the usual narrowing of all the bands 
and a correspondingly better resolution at lower 
temperature. The band at 2700cm™ in the —78°C 
spectrum of H:NOH becomes considerably more 
intense at low temperature and at the same time 
shifts to lower frequency. The bands at 3180 cm", 
3070 cm™, 2880 cm, and 2800 cm™ also shift to lower 
frequencies on cooling. The other bands show a general 
increase in peak frequencies at the low temperature. 
The bands at 2700 cm™, 1670 cm~, and 945 cm™ in 
H:NOH and the corresponding D:NOD bands at 
2060 cm, 1242cm™, and 670cm™ are all quite 
temperature dependent; the 1670cm™ band being 
particularly so since it splits into two components. 

In addition to the spectra on the particular films 
shown, data were obtained on sixteen other H3NOH 
films and on three other D2.NOD films. These varied 
in thickness from approximately 0.1 to 1.5 microns. 
There do not seem to be any outstanding changes in 
either intensity or peak frequency of any band in films 
of different thicknesses. However, in the case of 
H:2NOH, the band at 3185cm™ becomes relatively 
more intense and the band at 2688 cm~ becomes less 
intense with the thicker films. 

Spectra taken in the potassium bromide region at the 
lower frequencies are not shown. The data taken are 
somewhat uncertain, but there appears to be a broad 
band in the spectrum of H2:NOH extending from 
500-570 cm with its center at 535 cm™. The corre- 
sponding band in the spectrum of D2NOD was expected 
at about 400 cm, which was below the useful range of 
our spectrometer. 


IV. DISCUSSION 


The model for the hydroxylamine molecule which has 
the symmetry of point group C, should give rise to six 
fundamental vibrational modes which are symmetric 
with respect to the plane of symmetry (A’ modes) 
and three which are antisymmetric (A’” modes). These 
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modes include two N—H stretches, one O—H stretch, 
one N—O stretch, one HNH bend, one NOH bend, 
one NH:2 rock, one NH: wag, and a torsional oscillation 
about the N—O bond. All fundamentals, overtones, 
and combinations of these are allowed in both the 
infrared and Raman spectra provided the site symmetry 
is C,. 

On the other hand, the amine oxide model having 
the symmetry of point group C3, should give three 
totally symmetric fundamental vibrational modes (A) 
and three doubly degenerate E modes. All these are 
again allowed in both the infrared and the Raman 
spectra if the site symmetry is actually C;,. 

Although there appears to be somewhat more than 
six fundamental frequencies in the observed spectra, 


TABLE III. Infrared vibrational assignments 
of H2NOH and D,NOD. 








Isotopic ratio 


DeNOD Other 
H:NOH D:NOD NOH molecules 


3302 2494 0.76 0.76°; 0.744 


3245 2390 0.74 
3173 2330 0.74 0.77°; 0.724 


3065 2290 0.75 0.76 
2867 2175 0.76 ~—0.75"; 0.74» 
2787 2145 = s(0.77 
2675 2056 0.77 0.80 
1697 1267 0.75 
1675 1242 0.74 
1564 1165 0.75 
1515 1132 0.75 
1287 962 0.75 
1191 942 0.79 O81; 
950 680 0.72 0.72 

891 0.96 

876 0.96 

630. 0.73 ~— 0.738 
535 (400) (0.742) 


Frequency (cm™) 


Assignments 





v7(a’’) Antisym. 
N-—H stretch 


vi(a’) Sym. N—H 
stretch 

2v3(A’) 

vo(a’) O—H stretch 


vs+v4(A’) 
26(A’) 
v3(a’) HNH bend 


vs(a’) O—H bend 
vs(a’”’) NH2 wag 


vs(a’) N—O stretch 

ve(a’) NH rock 

v°(a”’) torsion about 
N—O bond 


0.78; 0.774 








*® CH;30OH solid. 
b’ CH;OH vapor. 
¢ H2NCN solid. 
4 NHs solid. 


one cannot definitely decide between these two struc- 
tures on the basis of the number of observed bands 
alone, since in the spectra of crystalline substances 
intense combination and overtone bands may ‘also 
appear, or bands may become duplicated several times 
depending on the number of molecules in the unit cell. 
However, if one compares the observed spectrum with 
that of a molecule similar to H;N-0, such as methyl 
chloride, H;C—Cl," it will be seen that a satisfactory 
vibrational assignment is not possible for this model. 
The lowest frequency to be expected is the one corre- 
sponding to the Nt—O- stretch. The other funda- 
mentals consist of one H;N—O bend, two H;N deform- 
ations of intermediate frequency, and two N—H 


1G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 


stretches of high frequency. The N*—O stretch has been 
observed at 1000cm™ in the Raman spectrum of 
crystalline H;NOHCI” and one would expect the 
Nt+—O- stretch of H;N-0 to have a little higher 
frequency, certainly not lower. However, three strong 
bands are found in the spectrum of hydroxylamine 
below 1000 cm. Moreover, there is some evidence for 
a torsional mode occurring with a frequency of 535 cm~, 
This certainly could not arise from the H;N-0O 
structure. Thus, it appears evident that the amine 
oxide model does not allow a satisfactory vibrational 
assignment to be made of our data. 

The observed spectra can, however, be satisfactorily 
interpreted on the basis of the C, model, H,NOH. 
Our assignments are summarized in Table III. The 
observed peak frequencies for films of Hz:NOH and 
D:NOD formed at —78°C and then cooled to — 190°C 
are given in the first two columns. The third column 
shows the ratio of the frequencies of a given vibrational 
mode of D.2NOD to that for the same mode of H2NOH. 
For comparison the analogous ratio is listed in the next 
column for similar types of motion in other molecules. 
The comparison of these ratios was first suggested by 
Noether™ as an empirical rule to aid in making vibra- 
tional assignments and has been amply supported by 
experimental data." 


1. Fundamental Frequencies 


The absorption bands in the region above 2600 cm 
arise from hydrogen stretching motions or from combina- 
tion modes. Three hydrogen stretches are expected from 
the H,NOH structure. At least six bands are observed 
in this region, with a corresponding number in the 
region above 2000 cm™ in the spectrum of D2,NOD. 
The sharp band at 3302 cm™ has been assigned to the 
fundamental »; which originates in an antisymmetric 
N—H stretching motion. This frequency value may be 
compared to the corresponding modes in solid NH;“ 
and H,NCN* which have the frequencies 3378 cm™ 
and 3322 cm~, respectively. The corresponding band 
in the spectrum of D:NOD occurs quite definitely at 
2494 cm™, so that the isotope shift of 0.76 is quite 
close to that expected from Noether’s rule. 

The symmetric N—H stretching mode, 7, has been 
assigned the frequency 3173cm™ in H:NOH and 
2330 cm= in D2NOD. The band at 3173 cm™ may 
appear somewhat broad for a fundamental, but because 
its shape and intensity are to some degree temperature 
dependent, this may be due to lattice mode combina- 
tions which become less important at low temperature, 
or to intermolecular interactions. The alternative 
assignment in which y; and »; are interchanged does 
not give as good an agreement with the Teller-Redlich 


2 R, Ananthakrishnan, Proc. Indian Acad. Sci. 5A, 87 (1937). 
13H. D. Noether, J. Chem. Phys. 11, 97 (1943). 

“4 F, P. Reding and D. F. Hornig, J. Chem. Phys. 19, 594 (1951). 
16 G, D. Wagner, Jr., thesis, State College of Washington (1953). 
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product rule, although this assignment is not improb- 
able. Perhaps Raman polarization measurements could 
settle this point. 

The broad intense band at 2876 cm does not fit any 
obvious combination or overtone, and besides, one would 
hesitate to assign the most intense band of the spectrum 
to an overtone or combination, even in crystalline 
substances. This band has been assigned to the O—H 
stretching mode, v2, in spite of the fact that it appears 
at a somewhat lower frequency than usually reported. 
The corresponding band occurs in the DgNOD spectrum 
at 2175 cm“. There are actually very few analogous 
compounds which have been studied in the solid state 
under comparable circumstances, although it has 
recently been shown that such low O—H stretching 
frequencies are easily possible.!® Water vapor has an 
absorption band at 3654 cm™ which is attributed to the 
hydroxyl stretch. We find that in ice at liquid nitrogen 
temperature this band occurs at 3257 cm. In methanol 
vapor the O—H stretch appears at 3680 cm™. In the 
solid at liquid nitrogen temperature we find it at 
3220 cm“. Thus, our assignment of the O— H stretching 
mode which corresponds to a vapor to solid frequency 
shift of 790cm™ must indicate the existence of a 
particularly strong hydrogen-type bond with a bond 
energy which we estimate to be 12-13 kcal per mole. 
The corresponding O—D vibration in DgNOD certainly 
occurs at 2175 cm™. Even in this case the deuteriun 
bond appears to have an energy of about 8 kcal per 
mole. On our scale, the deuteriun bond in D.O at 
liquid nitrogen temperature is about 2-3 kcal per mole 
as estimated from our O—D vibrations in heavy ice at 
445 cm and 2353 cm, 

The N—O stretching fundamental, v;, is found at 
92cm with a weak component at 932 cm. This 
band, as expected, shifts only a small amount to 876 
cm in the DgNOD spectrum. A weak component is 
also found on the high-frequency side of this band at 
891 cm~!. Treating HeN—OH as a diatomic molecule, 
the calculated shift would be from 912 cm to 873 cm. 
Bernstein!” has recently given another method for 
calculating the change in vibrational frequency due to 
change in mass. This method predicts a frequency shift 
of 42 cm—! for the N—O stretch in going from HyNOH 
at 912cm™ to 870cm™ in D.NOD. The partially 
deuterated compounds, HNOD, HDNOD, and D.NOH 
should absorb at 899 cm—, 884cm7, and 883 cm7, 
respectively. The observed isotope shift of this band 
most certainly verifies the assignment. 

The deformation fundamentals of highest frequency 
correspond to the HNH and the NOH bending modes. 
The band at 1515 cm and its weaker component at 
1564 cm— are believed to arise from the HNH bending 
fundamental v3. The corresponding bands in the spec- 
ttum of De,NOD appear at 1132 cm™ and 1165 cm“. 
These frequencies compare favorably with the values 















































‘SR. E. Rundle and M. Parasol, J. Chem. Phys. 20, 1487 (1952). 
R. C. Lord and R. E. Merrifield, J. Chem. Phys. 21, 166 (1953). 
"H. J. Bernstein, Can. J. Chem. 29, 284 (1951). 
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found in cyanamide! in which the bending motion is 
assigned the value 1572 cm™ and the weak component 
is found at 1612 cm“. 

The very sharp, intense band at 1191 cm™ and the 
much weaker component at 1287 cm are attributed to 
the fundamental », arising from the NOH bending 
motion. The corresponding bands in the spectrum of 
D:NOD are found at 942cm™ and 962cm™. The 
identification of absorption bands connected with the 
OH bending vibration has in the past been somewhat 
uncertain, the assignments ranging from 1050 cm™ to 
1615 cm. The problem still has not been resolved, but 
most assignments are now made in the region from 1150 
cm to 1400 cm. Smith and Creitz'* have carried out 
infrared studies of the association of several alcohols in 
the liquid state. They demonstrated that in methanol, 
bands at 1020cm™, 1072cm™, and 1330cm™ are 
associated with the hydroxyl group, since they all 
move to higher frequencies as the liquid becomes more 
associated at higher concentration. In solid methanol at 
liquid ‘nitrogen temperature we find an OH bend at 
1130 cm™ and the OD bend at 950cm™. Further 
evidence that this band is associated’ with the OH 
rather than with an NH: deformation is given by 
comparison with the spectrum of solid cyanamide,'® 
in which no corresponding band occurs. A Raman line 
in liquid hydroxylamine was found by Medard* at 
1108 cm. It is probable that this line also belongs to 
the OH bend and that it moves to 1191 cm™ in the 
solid because of the stronger hydrogen bonding. This 
is further evidence for a very definite weakening of the 
OH bond suggested by the unusually low OH stretching 
frequency. 

The antisymmetric wagging motion of the NH» 
group corresponding to the fundamental yg, is assigned 
the frequency 950 cm™ in H:NOH and 680 cm™ in 
D.NOD. The symmetric rocking fundamental , 
corresponding to a bending type motion similar to the 
wagging except that the NH» group swings as a unit 
back and forth in the symmetry plane of the molecule, 
is found at 867 cm= and 630 cm™ in the undeuterated 
and deuterated compounds, respectively. The relative 
intensity of the wagging motion is about twice that of 
the rocking motion as expected. Both bands become 
sharper and more intense at lower temperature. 
Corresponding bands at approximately the same 
frequencies occur in cyanamide. Again Raman polariza- 
tion measurements could establish which is the rocking 
and which is the wagging frequency. 

There appears to be a broad band in the spectrum of 
H.NOH in the KBr region of the spectrum extending 
from about 500-570 cm with its center at about 535 
cm. Our data in this region are somewhat uncertain, 
so that the assignment of this band to the torsional] 
mode, v, is tentative only. The corresponding funda- 
mental of DeNOD, expected at about 400 cm™ has not 
been observed. 


18 F. A. Smith and E, C. Creitz, J. Research Natl. Bur. Stand- 
ards, 46, 145 (1951). 
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It is to be noted that many of the bands in the 
spectrum of hydroxylamine films formed at —78°C 
are split into two components. The average splitting 
observed is about 35 cm™. This is not at all unusual in 
the spectra of crystalline materials. It may arise from 
the coupling of the vibrations of different molecules in 
the unit cell, from combination modes with lattice 
vibrations, or from the coexistence of more than one 
form of the molecule. In the case of hydroxylamine, 
cis- and trans-isomers may exist in the solid. However, 
if they do exist they must have very nearly the same 
potential energy or else a very high barrier between 
them since no temperature effect indicating a change 
in the relative numbers of cis- and /rans-molecules was 
observed. 


2. Combinations and Overtones 


There are a number of absorption maxima in the 
spectrum of solid hydroxylamine in addition to those 
assigned to the fundamental modes. Several of these 
can be assigned to reasonable combination and overtone 
modes of the internal vibrations of the molecule, but 
undoubtedly some are due to combinations with the 
lattice modes. The band at 3065 cm™ is probably the 
overtone of the HNH bending mode, 2»;. The same 
overtone is found in the spectrum of cyanamide’® 
but it occurs at a frequency slightly less than twice the 
value of the corresponding fundamental. In the case of 
hydroxylamine there may be a Fermi-type interaction 
between the overtone 2v; and the very strong funda- 
mental v2. This would shift the overtone to a higher 
frequency and the fundamental to a lower frequency. 
If we assume that the overtone borrows all of its 
intensity from the fundamental, a first-order perturba- 
tion calculation’ yields for the unperturbed frequencies 
of the overtone and the fundamental the values 3032 
cm and 2900 cm™, respectively. This value for the 
overtone is much nearer to that expected. 

Another strong band which occurs in the high- 
frequency region is the (vs+»,) combination observed 
at 2675 cm™ in H,NOH and 2056 cm™ in D.NOD. 
This band must include as one of its components an 
OH frequency of some sort since it does not occur in 
other NH2 compounds. Also the high value for the 
isotope shift indicates that v4 is one of its components. 

The band at 1697 cm™ with its weaker component at 
1675 cm™ is the most temperature dependent band in 
the spectrum. It changes from a single broad sym- 
metrical band at —78°C centered at 1660 cm~ to the 
sharper unsymmetrical doublet at —190°C. This 
behavior is more characteristic of a combination or 
overtone than of a fundamental. In many ways it 
behaves like a combination with the torsional mode. 
However, the data from the deutero-hydroxylamine 
spectrum are inconsistent with this type of assignment. 
We assign this band to the overtone of the NH rock, 
2ve. The fact that the overtone band is as intense as 
the fundamental is not at all unlikely in the spectra of 
crystalline substances since the number of transitions 


R. E. NIGHTINGALE AND E. L. WAGNER 








entering an overtone is enormously greater than in the 
case of a fundamental. It may also be noted that the 
fundamental vg shifts to higher frequency on lowering 
the temperature just as does the overtone band. 


3. The Isotope Product Ratios 


The isotope product ratios are not as useful for 
hydroxylamine as might be desired because of the low 
symmetry. Nevertheless, some justification for our 
assignments can be obtained. The complete geometry of 
H.NOH is not known, but we shall assume tetrahedral 
angles throughout, an N—H distance of 1.014A. This 
should be the symbol for Angstrom units = A from 
NH;,!"! an O—H distance of 0.958A from H,O," and 
an N—O distance of 1.46A as found in both HONO 
and (H;NOH)*. These values will not be far in error 
and furthermore the results are probably not very 
sensitive to these parameters. 

The product ratio for the six A’ modes of hydroxyl- 
amine reduces to 


th (=) (Z) GG) -8 


where all quantities referring to the isotopic molecule, 
D:NOD, are marked with the superscript i. The »’s 
are the normal modes of the symmetry type A’, mz 
and mp are the masses of hydrogen and deuterium, M 
is the total mass of the molecule, and J, is the moment 
of inertia about the z axis. The experimental value for 
this product ratio using the assignments of Table III is 
0.229. Although this is 6 percent higher than the 
harmonic value, much of this difference is undoubtedly 
due to the effect of the strong hydrogen bonding. 
The product ratio for the three A’’ modes is 


» soe mi fis 

th (=)-(Z) Ge) Ga) = 

n=6 Vn Mp’, 
where the moments of inertia are again calculated from 
the assumed geometry of the molecule. Since the 
fundamental vy has not been observed for D2NOD, the 
experimental value of this product ratio could not be 
determined. However, the expected ratio for v9‘/v is 
calculated to be 0.742, which, if we use »»=535 cm”, 
gives a value for the torsional frequency in D,NOD of 
400 cm-!. This frequency is close to that predicted for 
vg in the normal coordinate treatment (429 cm-').§ 

The cis-structure for hydroxylamine is also possible. 

It was hoped that, by applying the product rule, one of 
the isomers might be favored over the other. However, 
the calculated values of J, and J,‘ for the cis-configura- 
tion were so close to those for the trans-configuartion 
that the isotope product ratios were essentially equal. 
Therefore, one may conclude that, although the /rans- 
form might be favored from the standpoint of bond 
repulsions, the infrared vibrational assignment can be 
fitted equally well to either isomer. 





§ A complete normal coordinate treatment will be given in 4 
separate communication. 
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A description is given of the method used to measure the dielectric constant of steam at densities between 


0.2 and 0.4 g/cc in the temperature range 377 to 395°C. Smoothed values of the dielectric constant are 
tabulated at 378, 383, 388, and 393°C for densities from 0.1 to 0.5 g/cc. 





HILE the dielectric constant of liquid water has 
been determined up to the critical temperature,! 
no studies appear to have been made in the supercritical 
region. Our own interest in this problem arose in con- 
nection with an investigation of the electrolytic con- 
ductance of NaCl in steam, when it became desirable 
to know the dielectric constants of steam at high pres- 
sures in the temperature range 375-400°C. We found 
that it was feasible to determine dielectric constants 
with the audio-frequency bridge already set up for 
resistance measurements, and accordingly the dielectric 
constant of supercritical steam was determined at 
various densities and temperatures. 


EXPERIMENTAL 
Apparatus 


For the measurement of the dielectric constant and 
electrolytic conductivity of supercritical steam, and 
the electrolytic conductivity of NaCl in steam,? we 
required a capacitance-conductivity cell which could 
be used at temperatures above 374°C and at pressures 
up to 300 atmos. Full details are given elsewhere’ of the 
construction of such a cell and of the pressure counter- 
balancing method developed to permit its use at high 
temperatures and pressures. Briefly, the cell consisted 
of two concentric platinum-iridium cylinders which 
formed the electrodes and which were insulated from 
each other by a synthetic sapphire separator. One 
cylinder formed the outer wall of the cell. The cell was 
s0 constructed that internal electrodes of various sizes 
could be used to give a replaceable capacitance or con- 
ductivity cell constant appropriate to the system 
investigated. 

The audio-frequency parallel resistance-capacitance 
bridge circuit is shown in Fig. 1. The usual Wagner 
earth connection was omitted because of the practical 
necessity of operating with the outer electrode of the 
cell grounded. The bridge was well shielded from ex- 


*This work was done under Contract No. N6onr238-11 be- 
tween the U. S. Office of Naval Research and the University of 
Southern California and was presented in part at the XIIth 
ipremational Congress of Pure and Applied Chemistry, New York, 


t Present address, Union Oil Company of California Research 

enter, Brea, California. 

'G. C. Akerlof and H. I. Oshry, J. Am. Chem. Soc. 72, 2844 
(1950). Values to 370°C are tabulated. 

*Fogo, Benson, and Copeland, this issue. 

* Fogo, Copeland, and Benson, Rev. Sci. Instr. 22, 765 (1951). 
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ternal influences, but was not completely shielded in- 
ternally. As a consequence, there was a reproducible 
frequency dependence of the resistance balance and a 
reproducible resistance dependence of the capacitance 
balance. These aberrations were always small and due 
allowance was made for them in the calculation of the 
results. 

The capacitors C; and C2 (Fig. 1) were both equipped 
with precision drivers. The smaller capacitor, C2, could 
be adjusted and read with about ten times the pre- 
cision of C;. These parallel capacitors were calibrated 
by direct substitution of a General Radio Company 
Type 722-D precision air capacitor. C, was found to be 
linear between 10 and 160 scale divisions (total range 0 
to 180) with a capacitance of 6.58 mmf per division. 
C2 was found to be linear between 1 and 15 revolutions 
(total range 0 to 15) with a capacitance of 8.00 mmf per 
revolution (total range 0 to 15) with a capacitance of 
8.00 mmf per revolution. 

The current generator for the bridge was a Hewlett- 
Packard Model 200B resistance-tuned oscillator. The 
output of this oscillator was continuously adjustable 
from 20 to 20 000 cps and zero to about 40 volts. Con- 
nection to the bridge was made with a coaxial cable. 

The null detector used was a 3-inch oscilloscope with- 
out built-in amplifiers. Suitable high gain vertical and 














Fic. 1. The audio-frequency parallel resistance-capacitance 
circuit R;, 3-ohm pot. IRC No. W-3. R2, R3 1000 ohms each, 
General Radio Company 500-H. R, through Rg, 0.1, 1, 10, 100, 
1000, 1000 ohms per step decade resistors, General Radio Com- 
pany 510-A through 510-F, respectively, Ci and C2. 1100 and 110 
mmf, respectively, General Radio Company 848-B and 847-B. 
T, shielded transformer General Radio Company 578-A. 
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horizontal amplifiers were constructed for use with the 
oscilloscope. 

Connection between the bridge and the cell-pressure 
vessel assembly in the oven was made with a coaxial 
cable about a meter in length. Details of the electrical 
lead through the pressure vessel head and the cell- 
pressure vessel assembly are given in the paper cited 
under reference 2. 


Measurements 


The cell containing steam may be considered as 
electrically equivalent to a polarization capacitance, Cp, 
in series with a resistance, Ro, and with Cp and R, to- 
gether in parallel with a dielectric-type capacitance, C4. 
The impedance Z2 of this circuit is given by the ex- 
pression 

1 iwCp 
= —$— + 0a, (1) 
Z, wCpR2+1 


where w is 2m times the frequency. 

The reference arm of the bridge, with a capacitance 
C, and a resistance R, in parallel has an impedance Z, 
given by the expression 


Ss 
—=—+ twC}. (2) 
Z, Ry 


It appears‘ that C, may be represented by C,°w}. 
Then at infinite frequency, Eq. (1) becomes of the 
same form as Eq. (2) and we may identify R2 with 
R, and Cg with C;. Thus to obtain Cq it is necessary 
to determine C; at several frequencies and then by 
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Fic. 2. Typical capacitance extrapolations to 
“infinite” frequency. 


4G. Jones and S. M. Christian, J. Am. Chem. Soc. 57, 272 
(1935). 
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extrapolation to obtain the value of C; at infinite fre- 
quency. 
The dielectric-type capacitance Cg is defined by the 
equation 
Ca=DC,;+¢, (3) 


where D is the dielectric constant of the cell contents, 
C, is the replaceable capacitance of the cell, and c is the 
lead capacitance (which includes all capacitances in 
the external circuit with the exception of C,). 

If, at a given temperature and pressure, we designate 
by (Ci—c)° the difference between the measured equiva- 
lent parallel capacitance C; of the cell circuit and the 
lead capacitance c, extrapolated to infinite frequency, 
then the dielectric constant of the cell contents is given 
by the equation 

(Ci—c)° 
D=——_. (4) 
ce 


Replaceable Capacitance 


Measurements at 400, 1000, 2000, 4000, and 8000 cps 
were made of the equivalent parallel capacitance (C,) 
when the bridge was connected to: (a) a nonreactive 
resistor; (b) the unfilled cell in parallel with the re- 
sistor; (c) the cell alone, filled with water® at known 
room temperature. For these measurements the cell was 
not mounted in the pressure vessel and short leads of 
negligible capacitance were used. The resistance of the 
cell filled with water was nearly the same as that of the 
resistor. The difference between measurements (a) and 
(b) at corresponding frequencies measured the total 
air capacitance of the cell. The difference between sets 
(a) and (c) at corresponding frequencies was plotted 
against the reciprocal of the 3/2 power of the frequency 
and extrapolated to infinite frequency. The difference 
between this extrapolated value and the air capacitance 
divided by the difference between the dielectric con- 
stants of water and air is the replaceable capacitance of 
the cell. The value found was 8.58 wuf. A calculation 
based on the coefficients of thermal expansion of the 
cell material indicated about a 0.3 percent increase in 
C, from 25°C to 390°C. 


Lead Capacitance 


The unfilled and unsealed cell was mounted in the 
pressure vessel which was placed in the oven and con- 
nected to the bridge with the coaxial cable. The oven 
was heated to a desired temperature and nitrogen ad- 
mitted to a desired pressure. In order to make it possible 
to balance the bridge, a 12 000-ohm nonreactive resistor 
was connected in parallel with the cell and lead. Meas- 
urements of the equivalent parallel capacitance were 
made at 400, 1000, 2000, 4000, and 8000 cps at several 
temperatures and pressures in the range 378-397°C and 
~ § This water, as well as the water used subsequently, was dis- 
tilled from a solution of potassium permanganate in distilled 


water. The specific conductances of the samples used ranged from 
10-* to 8.2X 1077 ohm™ cm“, 
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DIELECTRIC CONSTANT OF SUPERCRITICAL STEAM 


TABLE I. Original results on the dielectric constant of steam. 








Dielectric 
constant 


Density 
g/cc 


0.2136 


Temperature 
~~ 





376.4 
382.5 


379.2 
384.9 
390.6 
395.6 


377.4 
383.5 
389.5 
395.6 


378.2 
383.6 
388.7 
393.6 


0.2290 


S me ee le 
noo 


uo 


ata at otal at aetctetes 
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377.4 
382.5 
388.5 
393.6 


378.0 
383.5 
388.8 
393.6 


376.4 
382.6 
388.5 
392.6 


377.4 
383.2 
387.8 
393.2 


364.0 
365.4 
373.9 








‘Liquid phase. 


230 to 275 atmos. The lead capacitance, for a given set 
of conditions, is given by the equation 


c=C,—1.05C,, (5) 


where C, is the equivalent parallel capacitance and 1.05 
is accurately enough the dielectric constant of nitrogen 
at the temperatures and pressures used. 

The lead capacitance was found to be: practically 
independent of pressure; an accurately linear function 
of temperature at constant frequency; dependent upon 
frequency. Since all subsequent measurements with 
steam were made at the same frequencies already used, 
no frequency interpolations were ever necessary. 


The Dielectric Constant of Steam 


The dry, weighed cell was flushed with dry nitrogen 
and, while under a nitrogen tent, the desired amount of 
water was added from a hypodermic syringe. The cell 
was sealed and reweighed. The mean density of water in 
the cell was obtained from the weight of water added 
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and the known cell volume.® The cell was mounted in 
the pressure vessel and the assembly heated. Values 
of the equivalent resistance and capacitance (Ci) were 
measured at several temperatures and at the selected 
frequencies previously mentioned. At temperature, 
just before measurements were made, the cell assembly 
was vigorously oscillated through 180° a number of 
times to insure thorough agitation of the cell contents. 
The oven was set in a horizontal position during the 
measurements since previous investigation had shown 
that in this position temperature gradients were mini- 
mized. Temperatures were measured with an iron- 
constantin thermocouple and a Leeds and Northrup 
direct reading potentiometer with automatic cold junc- 
tion compensation. This potentiometer had been 
checked directly against the slide wire of an accurate 
potentiometer and the scale at all points was found to be 
in agreement with the standard table of iron-constantin 
electromotive forces. The thermocouple used was 
calibrated by comparison with a National Bureau of 
Standards certified Leeds and Northrup platinum- 
resistance thermometer. 

After cooling, the cell was reweighed to verify that 
there had been no significant loss in weight. In general, 
the loss in weight of the cell did not amount to more 
than 4 mg or about 0.1 to 0.2 percent of the weight of 
water in the cell. Most of this loss is probably to be at- 
tributed to excessively thorough drying of the exterior 
of the cell. 

From the values of the equivalent capacitance C; at 
different frequencies were subtracted the appropriate 
lead capacitances c. This difference was plotted against 
the reciprocal of the 3/2 power of the frequency and ex- 
trapolated to infinite frequency. A typical set of curves 
is shown in Fig. 2. From the extrapolated value of 
(C\—c) the dielectric constant was obtained by means 
of Eq. (4). 
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Fic. 3. The 388° isotherm of the dielectric constant of steam. 


6 The cell volume was determined at known room temperature 
from the weight of water required to fill the cell. It was estimated 
that the cell volume would increase 0.9 percent between 25 and 
390°C. The volume was always redetermined after the cell had been 
dismantled for any reason. The volume was always close to 12 cc. 















TABLE II. Dielectric constants of steam at various 
densities and temperatures.* 











Density Temperature, °C 
g/cc 378 383 388 393 
0.10 1.85 1.84 ' 1.83 1.82 
0.15 2.36 2.33 2.31 2.29 
0.20 2.97 2.94 2.91 2.89 
0.23 3.43 3.39 3.36 Jae 
0.26 3.97 3.93 3.89 3.85 
0.29 4.58 4.53 4.49 4.45 
0.32 5.26 b He 4 | 5.17 5.13 
0.34 $.75 5.70 5.65 5.60 
0.36 6.25 6.19 6.13 6.07 
0.38 6.76 6.69 * 6.62 6.55 
0.40 7.27 7.19 aie 7.05 
0.45 8.58 8.49 =. | 8.40 8.31 
0.50 9.94 9.83 | 9.72 9.61 








* It is felt that the relative precision of the smoothed data warrants the 
use of three significant figures in order to show the temperature variation 
of the dielectric constant at constant density. 


RESULTS 


Table I gives the dielectric constant of steam at each 
of the experimental densities and temperatures. The 
results of 0.503 g/cc are of particular value in confirming 
the validity of the method used since the value at 364° 
can be compared directly with the value obtained by 
Akerlof and Oshry.! They report a dielectric constant of 
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10.7 for saturated water at 363.5°C (density=0.503 
g/cc). In view of the experimental conditions, we con- 
sider our value of 10.1 to be in reasonably good agree- 
ment with the more precisely determined value of 
Akerlof and Oshry. The agreement obtained is taken as 
evidence that the method used is valid and not seriously 
affected by electrode polarization phenomena or other 
sources of error. 

The dielectric constants of Table I were plotted 
against temperature at constant density, yielding very 
straight and parallel lines. The curves at 0.216 and 0.503 
g/cc were extrapolated to 393°C parallel to the 0.229 
and 0.402 g/cc curves, respectively. From the set of 
curves so obtained, interpolated values of the dielectric 
constant were found at 378, 383, 388, and 393°C. These 
values were plotted against density to give a set of four 
isotherms, one of which is shown in Fig. 3. The isotherms 
were drawn so as to pass smoothly through unity at 
zero density. The root-mean-square deviation of the 
points from the isotherms is about 2 percent. Dielectric 
constants obtained from the isotherms at selected densi- 
ties are given in Table II. 

The authors wish to express their thanks to the U.S. 
Office of Naval Research for its support of this work. 
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A description is given of the method used to measure the electrical conductivity of NaCl in steam at 
steam densities between 0.2 and 0.4 g/cc. Values of the specific and equivalent conductances are tabulated 
at 378, 383, 388, and 393°C for various NaCl concentrations at different steam densities. Sodium chloride 
behaves as a weak electrolyte at all steam densities used. Estimates of the ion-pair dissociation constant K, 
based on Shedlovsky’s method, indicate that K decreases from about 9X10-* to 6X1077 as the steam 
density decreases from 0.4 to 0.2 g/cc. Preliminary results for cesium chloride and hydrogen chloride in 
steam indicate that cesium chloride is comparable in strength with sodium chloride, but that hydrogen 


chloride is a much weaker electrolyte. 


ESPITE the fact that it has been known for over 
seventy years that solvent vapors at high densi- 

ties may dissolve relatively nonvolatile solutes, the 
study of the properties of such gaseous solutions repre- 
sents a still virtually unexplored field.' Generally 


* This work was done under Contract No. N6onr238-11 be- 
tween the U. S. Office of Naval Research and the University of 
Southern California and was presented in part at the XIIth 
International Congress of Pure and Applied Chemistry, New York, 
1951. 

t From a dissertation presented by Mr. Fogo in partial fullfil- 
ment of the requirements for the Ph.D. degree at the University 
of Southern California, 1954. 

¢ Present address, Union Oil Company of California Research 
Center, Brea, California. 

1 The review article by H. S. Booth and R. M. Bidwell, Chem. 
Revs. 44, 477 (1949), covers the field in general. For the NaCl—H:O 
system, see the papers by F. Spillner, Chem. Fabrik 13, 405 
(1940); A. Olander and H. Liander, Acta Chem. Scandinavica 4, 









speaking, these solutions exist only at elevated pressures 
and usually at elevated temperatures. These conditions, 
particularly when steam is the solvent, present rather 
formidable experimental difficulties. The present paper 
gives our results on the electrolytic conductance of 
NaCl-steam solutions at temperatures above the critical 
temperature of water. 


EXPERIMENTAL 
Apparatus 
Details of the construction of the conductivity cell 


and a discussion of the pressure counterbalancing 
method developed to permit its use at high tempera- 
1437 (1950); Copeland, Silverman, and Benson, J. Chem. Phys. 


21, 12 (1953); Benson, Copeland, and Pearson, J. Chem. Phys. 
(to be published). 
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CONDUCTIVITY OF SUPERCRITICAL SOLUTIONS OF NaCl 


tures and pressures are given elsewhere.” The use of the 
cell is described and a description of the audio-frequency 
parallel resistance-capacitance bridge employed is given 
in another paper.’ 


The Cell Constant 


The conductivity constant of the cell, defined as the 
product of specific conductance and measured re- 
sistance, was in all cases too small to measure with 
even the most dilute of the potassium chloride solutions 
used as secondary resistance standards. Instead, the 
cell constant was determined from measurements of the 
resistance of the cell when filled with dilute (about 
10-* M) hydrochloric acid solution. The specific con- 
ductance of the acid solution was obtained from the 
measured resistance of a Jones-type glass cell, of known 
conductivity constant, filled with the solution. All 
measurements were made at 25+0.01°C with a Leeds 
and Northrup Jones bridge* except in the one instance 
when the cell was fitted: with a very large internal 
electrode for the measurement of the conductivity of 
steam. In this latter case, a sufficiently accurate cell 
constant was obtained from measurements made at 
room temperature with a bridge used to make our sub- 
sequent resistance measurements. Calculation based on 
the thermal coefficient of expansion of platinum- 
iridium indicated that about a 0.3 percent decrease in 
cell constant could be expected between 25 and 390°C. 
The cell constants were close to 0.01 cm for the steam 
measurements and 0.09 cm for the NaCl-steam 
measurements. 


Preparation of Solutions 


The water used in the preparation of solutions was 
obtained by distillation in an all-Pyrex glass still of a 
dilute solution of potassium permanganate in distilled 
water. The distillate was discarded until the specific 
conductance decreased to 10-* ohm cm or less. Water 
so prepared was used immediately. 

Solutions of sodium chloride in water were prepared 
on a weight basis. Dried, Baker’s reagent grade sodium 
chloride was weighed into a small platinum boat on a 
microbalance. The boat and salt were then transferred 
into a dry 500-cc glass-stoppered Pyrex flask which was 
then weighed on an accurate kilogram balance before 
and after the introduction of 250 to 500 cc of the con- 
ductivity water described above. Five solutions were 
prepared, having different compositions between 
3.6X10-* and 1.1X10-* mole NaCl/1000 g H.O. The 
weights of salt and water were such that the composi- 
tions were known to +0.5 percent or better. All solu- 
tions were stored in Pyrex flasks fitted with ground 
stoppers. Storage periods were kept as short as possible, 
particularly for the more dilute solutions. 


? Fogo, Copeland, and Benson, Rev. Sci. Instr. 22, 765 (1951). 

* Fogo, Benson, and Copeland, J. Chem. Phys. (this issue). 

‘We are indebted to Prof. K. J. Mysels for permission to use 
this bridge. 
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Resistance Measurements 


After temperature equilibrium had been established, 
the contents of the conductivity cell were agitated by 
vigorous oscillation of the oven through 180°. The oven 
was then set horizontally and resistance measurements 
were immediately made at 1000, 2000, 4000, and 8000 
and again at 1000 cps. The total time required to take 
these measurements was about three minutes. 

In no case was there found to be any significant de- 
pendence of resistance on frequency. The maximum 
variation among the five measurements of each set was 
about 0.2 percent. Because of this, and because the first 
observation at 1000 cps was made immediately after 
agitation of the cell contents, the initial resistances at 
1000 cps have been used for calculation of specific 
conductances. 

Resistance measurements were made with each of 
the five sodium chloride solutions at several different 
mean densities in the cell and at several temperatures 
in the range 377—395°C. In all, 100 measurements were 
made at 26 different composition-mean density com- 
binations. 

Examination of solubility data for NaCl in steam* 
indicated that at each density-composition combination 
and at each temperature only a single phase should 
have been present. 

Resistance measurements with steam alone in the 
cell were made at eight different densities between 0.2 
and 0.4 g/cc. 

RESULTS 


The specific conductance of steam at 1000 cps was 
plotted against temperature for each of the eight 
experimental densities. From these curves was obtained 
the necessary data to plot specific conductance-density 
isotherms, such as those shown in Fig. 1. 

For each one of the 26 experiments made with NaCl 
solutions, the mean density of the steam in the cell was 
calculated from the cell volume and the weight and 
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Fic. 1. The specific conductances of the steam used as solvent. 
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Fic. 2. The specific conductance of sodium chloride at constant 
composition as a function of the steam density. MolalityX 10°: 
A, 1115; B, 246.1; C, 44.77; D, 11.96; E, 3.61. 


composition of the solution in the cell.* The specific 
conductance of NaCl in the solution, hereafter desig- 
nated by L, was obtained by subtraction of the specific 
conductance of steam from that of the solution.* The 
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Fic. 3. Cross plots of points chosen from Fig. 2 at constant 
densities. Top to bottom: 0.40, 0.38, 0.36, 0.34, 0.32, 0.29, 0.26. 
0.23, and 0.20 g/cc at 388°C. Concentration C in moles NaCl/ 
1000 cc. 


5 The mean density of the steam differed at most by 0.06 per- 
cent from the mean density of solution in the cell. 

6 There is, of course, the question of whether the finite re- 
sistances observed with salt solutions and steam in the cell may 
not have been the result of leakage currents across the sapphire 
separator. An experiment made with one of the previously used 
solutions but with the cell constant changed by a factor of two 
indicated that leakage currents were not significant. Further, the 
highly polished surface of the separator showed no perceptible 
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appropriate specific conductance of steam, at the tem- 
perature and steam density of the solution, was ob- 
tained by interpolation between curves such as those 
of Fig. 1. LogZ was then plotted against temperature 
for each of the 26 constant steam densities. From these 
curves were obtained values of log at 378, 383, 388, 
and 393°C. 

We desired finally to obtain curves of equivalent 
conductance against the square root of the NaCl con- 
centration (moles/1000 cc) at each of several constant 
steam densities and at the four selected temperatures, 
Such curves could not be obtained directly from the 
data at hand, since these data were the specific con- 
ductances of NaCl at 26 different steam densities and 26 
different concentrations (moles/1000 cc) but at only 
five different compositions (moles/1000 g water). In 
order to eliminate the steam density as a variable, the 
following method of cross plotting was used. 

For each of the five different compositions, and at 
each of the four selected temperatures, logZ was plotted 
against the steam density. The curves at 388°C are 
shown in Fig. 2. From such curves values of logZ were 
obtained at selected constant densities and at a fixed 
temperature. These values of log/ correspond to five 
different concentrations (moles/1000 cc) at each se- 
lected density and temperature. These values of log 
were then plotted against the logarithm of the concen- 
tration. The curves at 388°C are shown in Fig. 3. From 
such curves were obtained the values of logZ at constant 
steam density and temperature at a number of selected 
concentrations. From these data were calculated equiva- 
lent conductances of NaCl which were then plotted 
against the square root of the concentration for each 
of the several constant densities and temperatures. The 
isotherms at 388°C are shown in Fig. 4. Values of the 
equivalent conductance at different densities and con- 
centrations, obtained from such isotherms, are given 
in Table I. 

It is felt that little or no loss in accuracy resulted 
from the cross plotting. Large scales were used through- 
out. In the few instances where the experimental densi- 
ties and temperatures were very close to the selected 
values, the equivalent conductance calculated directly 
from the original specific conductance of NaCl agreed 
to within less than one percent with the value read, or 
slightly interpolated, from isotherms such as those of 
Fig. 4. It may also be pointed out that while the curves 
of Fig. 3 need not have been used, such an omission 
would result in having at most five points for the 
plotting of the considerably curved equivalent conduc- 
tance isotherms. Since the curves of Fig. 3 are only 
slightly curved, their use seems justified. 


DISCUSSION 


The curves of Fig. 4 indicate that NaCl in steam be- 
haves as a weak electrolyte at all steam densities from 
0.20 to 0.40 g/cc. It is also evident that the degree of 


dulling, as would have been expected if it had been attacked by 
the solutions, 
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CONDUCTIVITY OF SUPERCRITICAL SOLUTIONS OF NaCl 


jonic association increases considerably as the steam 
density is lowered. These results ere in qualitative 
agreement with the known behavior of strong electro- 
lytes dissolved in solvents of low dielectric constant. 
In the present instance each steam density, of course, 
corresponds to a solvent of different dielectric constant. 

It is interesting to note that at low concentrations 
the curves of Fig. 4 evidently cross, so that the limiting 
equivalent conductance of NaCl increases with de- 
creasing steam density. This increase undoubtedly 
results from the increase in ionic mobilities as the steam 
density, and hence viscosity, is lowered. 

The temperature dependency of the equivalent con- 
ductance is shown in Fig. 5. Since it is not obvious from 
Fig. 5, it may be pointed that the crossing of the 
several isotherms does not occur at the same concentra- 
tion. Each pair of adjacent isotherms cross at slightly 
different concentrations: the higher the temperatures, 
the lower the concentration at the intersection. The 
inversion of the temperature coefficient of the equiva- 
lent conductance is analogous to that observed at rela- 
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Fic. 4. The equivalent conductance of sodium chloride in 
steam at 388°C and various steam densities. Concentration C in 
moles NaCl/1000 cc. 


tively high temperatures for many electrolyte-liquid sol- 
vent systems. 

It is of interest to attempt to estimate the values of 
the limiting equivalent conductance A° and the ion- 
pair dissociation constant K of NaCl in steam. To ac- 
complish this, it was decided to use the method of 
Shedlovsky.? This requires that both the dielectric 
constant and viscosity of the solvent be known. The 
former we had already determined.’ With regard to the 
latter, there appears to be no data available in the re- 
quired density range. In order to obtain an estimate of 
the viscosity, the following procedure was used. The 
viscosities reported by Sigwart® for compressed water 
at 350, 360, and 370°C were plotted against density 
and in the density range 0.5 to 0.6 g/cc the course of the 
388° isotherm was estimated by extrapolation at con- 
stant density of Sigwart’s results. Up to about 0.1 g/cc 
the viscosity of steam was calculated by means of the 
equation obtained by Keyes.’ The two branches of the 

"T. Shedlovsky, J. Franklin Inst. 225, 739 (1938). 


es Sigwart, Forsch. Gebiete Ingenieurw. 7, 125 (1936). 
F. G. Keyes, J. Am. Chem. Soc. 72, 433 (1950). 


TABLE I. Smoothed values of the equivalent 
conductance of sodium chloride in steam. 








Concentra- Equivalent conductance, ohm~! cm? 
tion X106 temperature, °C 
mole/1000 cc 378 383 388 393 


20.25 1174 1204 1219 1230 
64.00 1133 1160 1175 1188 
169.0 1057 1078 1086 1096 
400.0 943 954 958 960 
900.0 798 806 807 808 


20.25 1156 1190 1217 1226 
64.00 1097 1130 1148 1153 
1006 1025 1032 1036 

881 887 889 890 

731 734 736 735 


1140 1185 1203 1219 
1047 1090 1094 1103 
936 963 964 968 
799 816 816 816 
660 667 665 663 


1092 1140 1166 1191 
974 1011 1032 1038 
854 880 882 

738 726 
588 585 
490 484 
420 


1096 
928 
782 
637 
500 
410 
347 


985 
781 
616 
478 
364 
292 
240 


999 
j 672 646 
100.0 490 460 
256.0 361 347 329 
625.0 264 251 236 
1225 204 193 181 
2025 164.0 156.0 147.0 


9.00 716 685 652 
36.00 428 410 387 
100.0 286 269 252 
256.0 204 192 182 
625.0 149.5 139.5 132 
1225 114.0 104.5 97.5 
2025 89.5 82.5 76.5 


9.00 442 401 364 338 

36.00 240 220 202 186 

100.0 155 143 130 118 
256.0 108.5 100.5 91.0 83.5 
625.0 74.5 69.5 63.5 58.5 
1225 54.0 50.5 45.5 42.0 
2025 41.5 38.5 35.5 33.0 
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0.4000 











isotherm were then connected across the intermediate 
density region. The completed isotherm indicates an 
increase in viscosity from about 3X 10~ poise to about 
4.3X10~* poise as the steam density is increased from 
0.2 to 0.4 g/cc. If the basis on which the two branches 
of the curve were obtained is accepted, it is hard to 
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Fic. 5. Isotherms of the equivalent conductance of sodium 
chloride in steam at three steam densities. 





imagine that the intermediate viscosities are in error 
by more than 10 percent. 

Initial values of A° for the three highest steam densi- 
ties were estimated from extrapolation of the appro- 
priate curves of Fig. 4. The mean activity coefficients 
of NaCl were calculated from the Debye-Huckel limit- 
ing law equation and Shedlovsky plots were made. 
It was not possible to obtain straight lines over the 
entire concentration range. The final curves in the low 
concentration range are shown in Fig. 6. 

To obtain estimates of A° at the lower densities, the 
final values of A° at the three highest densities were 
multiplied by the appropriate viscosity and the product 
A° was plotted against viscosity. From an extrapolation 
made to a viscosity of 3X10~ poise (0.20 g/cc steam 
density) values of A° were obtained for steam densities 
from 0.20 to 0.34 g/cc. On the basis of our extrapolation, 
there is about a 20-percent decrease in the product A° 
from a steam density of 0.40 g/cc to one of 0.20 g/cc. 

in the low concentration range the Shedlovsky plots 
were curved at all densities from 0.36 to 0.20 g/cc 
(Fig. 6). To obtain values of the ion-pair dissociation 
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Fic. 6. Shedlovsky plots at low concentrations of sodium chlo- 
ride in steam. Densities: A, 0.40; B, 0.38; C, 0.36; D, 0.34 g/cc. 
S(Z) is Shedlovsky’s function. C is the concentration in moles 
NaCl/1000 cc and @ and y are the degree of dissociation and the 
mean activity coefficient, respectively, of the sodium chloride. 
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constant K, tangents were drawn from the selected value 
of A° to the curve, as shown in Fig. 6 for steam densities 
of 0.34 and 0.36 g/cc. Our present estimates of A° and 
K are given in Table II, together with the correspond- 
ing values of the effective ionic diameter @ calculated 
from Bjerrum’s equation.” While no great accuracy 
can be ascribed to the present values of A° and K, they 
are certainly indicative of the behavior of NaCl in 
steam. The values of the effective ionic diameter for the 
five highest densities are fairly constant and quite 
reasonable. The increase in the value at the lower densi- 
ties most probably reflects the increasing inaccuracy of 
the data at the lower densities. Finally, on the basis of 
the equation developed by Fuoss and Kraus" for the 
prediction of the value of the dielectric constant below 
which triple ions are stable, it may be noted that, even 
if we assume the triple ions have twice the effective 
diameter of the ion-pairs (Table II), triple ions would 
be stable at all steam densities used. 

We should like to mention that preliminary measure- 
ments were made of the conductance of cesium chloride 
and of hydrogen chloride in steam. The conductance 


TABLE II. Constants for sodium chloride in steam at 388°C. 











Steam 

density Ao 
g/cc ohms~! cm? K cm®* X108 
0.40 1283 9.44 10 3.92 
0.38 1292 5.66 10~ 3.95 
0.36 1310 2.55 X 1074 3.83 
0.34 1331 1.39 10~ 3.92 
0.32 1353 7.56X 1075 4.06 
0.29 1390 3.32X 1075 4.38 
0.26 1430 1.22 10-® 4.67 
0.23 1465 3.34X 1076 4.88 
0.20 1510 6.35 1077 4.96 








of cesium chloride was determined at a steam density of 
0.3256+0.0005 g/cc and at cesium chloride concentra- 
tions from 12.26 to 728X10~* moles/1000 cc. For hy- 
drogen chloride, conductances were determined at a 
steam density of 0.32634-0.0014 g/cc and at concentra- 
tions of 55.6, 245, and 758X 10~* moles/1000 cc and at a 
steam density of 0.3968 g/cc and a concentration of 
67.3X10-* moles/1000 cc. The results indicate that 
cesium chloride is very similar to sodium chloride in 
strength, but that hydrogen chloride is a much weaker 
electrolyte in steam than is sodium chloride. The 
equivalent conductance of hydrogen chloride at 388°C 
and a steam density of 0.3263 g/cc is about the same as 
that of sodium chloride at the same concentration and 
at a steam density of 0.20 g/cc (Fig. 4). The equivalent 
conductance at 0.3968 g/cc and at 388°C appears to 
fall about on the course of a 388° sodium chloride iso- 
therm at a steam density of 0.25 g/cc. 

The authors wish to express their thanks to the U. S. 
Office of Naval Research for their support of this work. 

1H. S. Harned and B. B. Owen, The Physical Chemistry of 
Electrolytic Solutions, (Reinhold Publishing Corporation, New 
York, 1950), second edition, p. 190. 


1 R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc. 55, 2387 
(1933) ; 57, 1 (1935). 
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The Infrared Spectra and Structure of LiOH, LiOH-H,O and the Deuterium Species. 
Remark on Fundamental Frequency of OH-* 
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The infrared spectrum of a thin path of solid LiOH and LiOH- HO (undeuterated, partially deuterated, 
and completely deuterated) has been observed. The spectra indicate that both hydrogens from each water 
molecule are used to form strong hydrogen bonds in the hydrate. The results serve to substantiate the 
crystal structures previously determined by x-ray diffraction. For LiOH the absorption maximum occurs 
at 3678-1 cm™; the fundamental frequency of OH~ in LiOH is 3839410 cm. The spectrum of LiOH- HDO 
exhibits an anomaly in the bending frequency of HDO. 





INTRODUCTION 


HE crystal structure of lithium hydroxide mono- 
hydrate was studied with x-ray diffraction by R. 
Pepinsky.! He concluded that each lithium is at the 
center of a slightly distorted tetrahedron of oxygens 
(two hydroxyl and two water oxygens). Two such tetra- 
hedra share an edge in a reflection plane (most likely 
through hydroxyl oxygens). Upper and lower curners of 
the paired tetrahedra are shared with tetrahedra in cells 
above and below, through water oxygens, resulting in 
unending chains of paired tetrahedra in the direction 
of the C axis. Oxygens of adjacent chains are separated 
by 2.68A, indicating strong hydrogen bonds linking 
chains together. The two hydroxyls within a tetrahedron 
are separated by 2.99A, indicating perhaps a weak 
hydrogen bond. Pepinsky shows that the most plausible 
structure is one in which each water molecule forms two 
strong hydrogen bonds with two different hydroxyl 
oxygens. If his conclusion is correct, the infrared spec- 
trum should show a large decrease in the O—H stretch- 
ing frequencies of the hydrate water. 

The structure of LiOH was reported by Ernst.’ It 
consists of layers of considerably distorted hydroxyl 
tetrahedra. Alternate layers have their tetrahedra 
completely filled with lithiums, but tetrahedra between 
these are completely empty. The closest approach of 
hydroxyl to hydroxy] is 3.05A, for four edges of a tetra- 
hedron. Bonding between layers is very weak. The 
infrared spectrum of this substance should give a lower 
limit to the value of the vibrational frequency for the 
unperturbed (OH)~ ion. 


EXPERIMENTAL 


A lithium mirror was formed by evaporating lithium 
ina vacuum onto a fluorite window. This disk was then 
placed in an evacuable absorption cell and exposed to 
CO.-free water vapor (~17-mm pressure) until it was 
completely converted to LiOH-H,O, as determined by 
its spectrum. The H2O can be completely removed by 


*This work was sponsored by the U. S. Atomic Energy Com- 
mission. 

'R. Pepinsky, Z. Krist., Abt. A., 102, 119 (1940). 

*Th. Ernst, Z. physik. Chem. (B) 20, 65 (1933). 


evacuation, leaving unhydrated LiOH. A similar experi- 
ment was performed using D,O and later adding H,O 
in order to observe the spectra of the partially and 
completely deuterated species. 

To determine the amount of material in the path, a 
thin window was weighed on an Ainsworth Assay 
Balance (to 20 micrograms) empty, with LiOH, and 
with LiOH-H,0. As a further check, the sample was 
finally exposed to room air for severdl days and re- 
weighed after complete conversion to Li,CO3. 
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Fic. 1. Infrared spectrum of solid LiOH and LiOH-H,0 from 
3300-3900 cm. von=first harmonic of hydroxyl stretching 
vibration in LiOH. »’on=first harmonic of hydroxyl stretching 
vibration in LiOH-H,O0. Background includes absorption by 
water vapor. 
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Fic. 2. Infrared spectrum of LiOH-H,0, H:0 liquid, and H,O 
solid in region 2600-3800 cm™. Broad absorption by LiOH-H.O 
from 2800-3200 cm= arises from H,0O stretching vibrations. v’ox 
= first harmonic of hydroxyl stretching vibration in LiOH-H.0. 





RESULTS 


Figure 1 shows the hydroxyl absorption bands of 
LiOH and LiOH-H,0. Figure 2 compares the spectrum 
of LiOH-H,0 with that of H.O liquid and H,0 solid in 
the O—H stretching region. The spectra of the deu- 
terated species are similar but displaced by the usual 
amount. In Fig. 3 are shown the HO bending vibration 
for the three isotopic species HxO, HDO, and D.O 
in partially deuterated lithium hydroxide monohydrate. 
The second harmonics of the OH~ vibration in un- 
hydrated LiOH and LiOD were also observed with a 
LiF prism. 

The results are tabulated in Table I, with the excep- 
tion of the bending vibrations, which are tabulated in 
Table ITI. 

DISCUSSION 


1. Correlation of Spectra with Crystal Structure 


The very broad and very low frequency for the 
stretching vibrations of hydrate water in LiOH-H,O 
indicates that each water molecule uses both hydrogens 
in very strong hydrogen bonds. This is in agreement 
with the short O—O distance of 2.68A as discussed in 
the introduction. The formic acid dimer has a similar 


O—O distance, about 2.67A,* and a similarly low O—H 


Taste I. Observed infrared absorption bands in 
LiOH and LiOH-H,0. 








2%oH- «=92%QD- ”(H20)* "(D0)" 


2708+1 7195+10 5330+10 
2632 +1 3000 2200 


”OH- ”OD- 


LiOH 3678+1 
LiOH-H:0 3574+1 











a ” (HO) represents the frequency at the center of the broad absorption 


band arising from the stretching vibrations of H20. 


, — and L. O. Brockway, Proc. Nat. Acad. Sci. 20, 336 
1934). : 


stretching frequency at 3080 cm~!.4 The smallest O—0 
distance in ice is 2.76A,®° indicating weaker hydrogen 
bonds than in the previous two substances. This is in 
agreement with the considerably higher stretching fre- 
quency of about 3250 cm™ (see Fig. 2). 

The very sharp O—H absorption band of unhydrated 
LiOH is decreased by 104 cm™ and somewhat broad- 
ened in the monohydrate (Fig. 1). The OH—OH dis- 
tance is in turn decreased from 3.05A to 2.99A. The 
decreased frequency probably arises from two sources: 
(1) a slight increase in association of hydroxyl with 
hydroxyl in the monohydrate, perhaps forming weak 
hydrogen bonds as: 





— PARTIALLY DEUTERATED 
LiOH HO 


- BACKGROUND 


NoCl PRISM 
20 4 SLIT 


— 


— TRANSMISSION 


| | 
1600 1800 200 
J waa | 











Fic. 3. Infrared spectrum of partially deuterated LiOH-H:0 
from 1100-2200 cm. 6H,0=bending vibration (v2) of H:0. 
Background includes v2 of H:O vapor. 


(2) the hydrogen bonds from the water to the hydroxyl 
probably decrease the hydroxyl frequency somewhat. 


2. Fundamental Frequencies for OH- and OD™ 
and Comparison with OH and OH* 


In first approximation the term value of an an- 
harmonic diatomic oscillator is given® by 


G(v) =we(v+3) —w.X -(v+3)’, (1) 


4L. G. Bonner and R. Hofstadter, J. Chem. Phys. 6, 531 (1938). 

5D. M. Dennison, Phys. Rev. 17, 20 (1921); W. H. Bragg, 
Proc. Phys. Soc. (London) 34, 98 (1922); W. H. Barnes, Proc. 
Roy. Soc. (London) A125, 670 (1929). 

© G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., New York, 1950), p. 92. 
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TABLE II. Fundamental frequencies and anharmonic constants for hydroxyl groups in LiOH and LiOH-H,0. 








we(OH-) cm=! we(OD-) cm™ 


weXe (OH = cm7! 


weXOD(-) cm=! —— we(OH~) /we(OD~) CHon/Hon)* 





LiOH 
LiOH-H:,0 


3839+ 10 
3735+ 10 


2796+ 10 
2720+ 10 


80.55 
(80.5) 


1.373+0.008 1.374 


1.3730.008 


44.045 
(44.0) 








44 =reduced mass. 


> The same values of weXe were assumed for LiOH-H20 as were found for LiOH because the second harmonics for the hydrates were not observed. 


TABLE III. Bending frequencies for HxO, D2O, and HDO in LiOH-H.0, in the gas, and in the liquid. 








51,0 cm7! 5D.0 em! 


5HDO em! 


Riy7,0° Rp.0* Rupo" 





LiOH-H:0 
H.O gas 
H;0 liquid 


1586+8 
1595.0 
1650+8 


1167+3 
1178.7 
1212+3 


1402 


1450+6 
1450+6 


1.034+0.005 
1.034+-0.005 


0.994+0.005 
1.034+0.005 


0.990+0.003 
1.028+-0.003 








*Ri.0 =5,0/°H20 (85): 


where we is the fundamental frequency for vibrations of 
infinitesimal amplitude and 7 is the quantum number of 
the vibration. w.X, is the anharmonicity constant. Thus 
for the first harmonic transition »=0—v= 1 


vo4i=G(1)—G(0) =w.— 2w Xe, (2) 
and for the second harmonic 
vo42=G(2)—G(0) = 2w.— Bw eX ¢. (3) 


Substituting the observed values (Table I) of vo: (von) 
and vp42(2von) in Eqs. (2) and (3), we arrive at the 
results in Table IT. 

If the force constants in OD~ and OH~ are the same 
in similar surroundings, then the fundamental fre- 
quencies should be inversely proportional to the square 
toot of the reduced masses. The agreement of the last 
two columns in Table II supports the usual assumption 
of similarity in force constants. 

For the electronic ground state of the OH and OD 
molecules Herzberg’ reports w.-=3735.2 and 2720.9 
cm™', respectively, and w,.X,=82.81 and 44.2 cm™', 
respectively. Thus, the calculated values of w.X, for 
OH- and OD~ are similar to those of the neutral mole- 
cules. The fundamental frequency for unperturbed OH— 
is definitely greater than that for the neutral OH 
molecule which is, in turn, considerably greater than 
that reported for (OH)+, 2955 cm™!.’ Though the fre- 
quency reported here for OH is not for the gas mole- 
cule, that for OH~ gas would be similar but greater since, 
on the average, it would be further from neighboring 
ios. Thus the ratio of fundamental frequencies and 
force constants is in the order kon->kou> cow)’. 

It is interesting that the fundamental hydroxyl fre- 
quencies in hydrated LiOH and LiOD are practically 
identical with those of the neutral OH and OD mole- 
cules (see Table II and above paragraph). The close 
agreement suggests that the hydrogen bonds in the 
hydrate tend to completely neutralize the negative 
charge of the hydroxyl oxygens. 


_'G. Herzberg, Spectra of Diatomic Molecules (D. van Nostrand 
Company, Inc., New York, 1950), p. 560. 


3. Anomaly in Bending Vibration of HDO 


Of the two stretching vibrations of HDO, one is simi- 
lar to v3 of D2O and one to v; of HO. Since the HO and 
D.O absorption is so broad for LIOH-H.O, the HDO 
does not change the spectrum appreciably on the O—H 
and O—D stretching regions. Howevér, the bending 
vibrations of the three species yield three absorption 
bands as shown in Fig. 3. The results are tabulated in 
Table III along with the observed frequencies for 
gaseous® and liquid’ H,O, D.O, and HDO. 

As seen in Table III, the ratio of the H:O bending 
vibration in LiOH-H,0 to that in H;O gas is about the 
same for H,O and D,O, but considerably different for 
HDO. For liquid H,O, D.O, and HDO, the three corre- 
sponding ratios are similar. Thus in partially deuterated 
lithium hydroxide monohydrate there appears to be an 
anomaly in the frequency of the bending vibration of 
hydrate HDO. 

With the instrument used there was detected no 
change in the hydroxide frequency of lithium hydroxide 
monohydrate, whether hydrated by H2O, HDO, or DO. 
This makes it seem unlikely that there is any difference 
in the strength of the hydrogen bonds formed by HO, 
HDO, and D,O. Thus, the anomaly in the HDO bend- 
ing vibration of LIOH-HDO cannot be explained on 
this basis. It is hoped that further experiments will 
explain this result. 

Bending frequencies were observed at 80° Kelvin, 
also. The bands were slightly narrower than at room 
temperature, but there was no appreciable frequency 
shift of the maximum. 


Author’s note—After the above was submitted for 
publication, the author’s attention was called to a 
paper, “The Spectra and Structure of NaOH and 
NaOD,” presented by W. R. Busing of Yale University 
at the Ohio State Symposium on Molecular Structure 
and Spectroscopy, June, 1953. 

8 E. F. Barker and W. W. Sleator, J. Chem. Phys. 3, 660 (1935) ; 
G. Herzberg, Infrared and Raman Spectra (D. van Nostrand 


Company, Inc., New York, 1947), p. 282. 
® Values obtained in this laboratory by the author. 
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Occurrence of Natural »—n Junctions in Lead Selenide* 


ARTHUR E. GOLDBERG AND GEORGE R. MITCHELL 
Chicago Midway Laboratories, Chicago, Illinois 
(Received July 10, 1953) 


Single crystals of PbSe were grown from melts in sealed quartz tubes. Except for a very narrow range of 
initial melt compositions, stoichiometric excesses of Pb or Se in the melt resulted in crystals that were 
wholly m or p type, respectively. Initial composition within the critical range yielded crystals showing 


both p and regions. 


The electrical resistivities were related to crystal compositions permitting the construction of the Pb-Se 
phase diagram in a narrow region about the compound PbSe. The invariant melting point for the system 
falls in the Se-rich region. This precludes the possibility of growing a crystal from a melt which is of stoi- 


chiometric composition throughout. 





HE compounds lead sulfide (PbS), lead selenide 
(PbSe), and lead telluride (PbTe) offer an inter- 
esting series of semiconducting materials. The unusu- 
ally high photoconductive sensitivities of specially 
treated thin films of these substances are well known. 
More recently these compounds have been prepared as 
single crystals' and their bulk properties studied. Very 
striking differences between the properties of thin films 
and the bulk materials have been reported.?* 

In this investigation single crystals of PbSe were 
grown from melts of precisely controlled compositions. 
The purest Pb and Se available commercially were used 
as starting materials. They were Pb (99.995 percent) 
and Se (99.92 percent). A combined chemical and spec- 
trographic analysis of the selenium revealed the major 
impurity as Te (0.025 percent). Other impurities pres- 
ent were Fe (0.0025 percent), SiO. (0.0008 percent), 
and S (0.0006 percent). 

The crystals were prepared by a method similar to 
that of W. D. Lawson.' A refinement of technique, 
manipulation of the vacuum-enclosed Se and Pb by 
means of magnetic gates, permitted quantitative intro- 
duction of these materials into the quartz reaction 
chamber. The resulting samples were shown to be single 
crystals by means of gentle sandblasting and by paral- 
lelism of cleavage planes. Back reflection Laue photo- 


Fic. 1. A polycrystalline ingot of PbSe. Etching was 
accomplished by gentle sand-blasting. 


* This research was supported in whole by the United States 
Air Force under Contract No. AF 33(038)-25913, monitored by 
Wright Air Development Center. 

1W. D. Lawson, J. Appl. Phys. 23, 495 (1952). 

2 A. F. Gibson, Proc. Phys. Soc. (London) 65B, 378 (1952). 

3M. A. Clark and R. J. Cashman, Phys. Rev. 85, 1043 (1952). 


graphs of several samples also showed the materials to 
be single crystals. Figure 1 is of interest because it 
demonstrates the effectiveness of the sandblast etch in 
bringing out grain boundaries on polycrystalline PbSe. 


RESULTS 


It is found, in agreement with previous work,' that, 


crystals grown from melts containing fairly large stoi- 
chiometric excesses of Pb or of Se exhibit conduction 
principally by electrons or by holes, respectively. The 
component in excess is largely rejected during crystal 
growth and appears as a separate phase at the top of 


@ P-Region Positive 
© P-Region Negotive 


POTENTIAL DROP AT CONSTANT CURRENT 


T 2 3 
DISTANCE, CM 








Fic. 2. Potential measurements on a single crystal of 
PbSe containing a natural p-n junction. 


the crystal. The Pb-Se phase diagram‘ identifies the 
Pb-rich residue as pure Pb and the Se-rich residue as 
PbSe». Rejection of the component in excess results in 
a melt which becomes progressively richer in this com- 
ponent during crystal growth; nevertheless, the re- 
sistivity of the resulting crystal is sensibly constant 
throughout its length. In the case of n-type crystals the 
resistivity varies from 3X10-* to 2X 10-* ohm-cm 4s 
the melt composition varies from 50.1-52.5 atom pet- 
cent Pb. 


4 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1928), Vol. IV, p. 27. 
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NATURAL p-—-n JUNCTIONS IN LEAD SELENIDE 


Crystals grown from melts with initial compositions 
jn a Narrow range near stoichiometry exhibit both #- 
and #-type regions. A small amount of Pb is observed 
on top of the crystal. Figure 2 shows the potential at 
constant current as measured by point probes along 
such a crystal in the direction of crystal growth. The 
splitting of the curves for the two directions of current 
has been shown to be the result of thermal effects 
rather than rectification. The resistivities in both the 
n and p regions are approximately 3X 10-* ohm-cm. 

Figure 3 shows the position of the junction as a 
function of the initial composition of the melt. The 
precision of the results appears to be generally of the 
order +0.01 atom percent. Because of possible sys- 
tematic errors the position of the curve as plotted along 
the composition axis may be in error by several times 
this value. These errors could include systematic weigh- 
ing errors and possible uncertainties in atomic weights. 
The dashed line represents a correction of the experi- 
mental results. The reasons for this correction are 
discussed in the following paragraphs. 
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Fic. 3. Positions of naturally occurring p-n junctions in PbSe 
crystals as a function of initial melt composition. 

With the aid of certain assumptions the results shown 
in Fig. 3 were used to construct the phase diagram for 
the Pb-Se system in a narrow region about the com- 
pound PbSe. The necessary assumptions were that each 
excess Se atom in the crystal behaves as a single ionized 
acceptor, and each excess Pb atom represents a singly 
ionized donor, at room temperature. Thus, the crystal 
composition may be inferred from a knowledge of 
carrier mobilities> and conductivities. The resulting 
diagram is shown in Fig. 4. The temperature scale is 
estimated from the gross phase diagram‘ and curves 
a-b and b-c are approximated by straight lines in this 
harrow region. The slope of curve a-b is unknown inas- 
much as the phase diagram for this region has not been 
teported. The diagram is divided into the three regions 
A, B, and C which are related to those of Fig. 3. A 
crystal grown from a melt with an initial composition 
in region C is entirely ” type and is accompanied by a 


°C. A. Hogarth, Proc. Phys. Soc. (London) 64B, 822 (1950). 
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Fic. 4. Phase diagram for the Pb-Se system in the region 
of the compound PbSe. 


final phase of Pb. The variation of composition and 
therefore resistivity along the direction of growth is 
defined by curve e-f. A melt of initial composition in 
region A yields a crystal wholly p type and of com- 
position determined by curve )—d. A separate phase of 
PbSe» appears in this case. Finally, a crystal grown from 
a melt in region B exhibits an initial p region followed 
by the transition to the region as given by curve 
b-e-f. This crystal also is accompanied by a final phase 
of Pb. 

The p-n junction occurs at point e representing a 
stoichiometric crystal. The invariant melting point for 
the system, the point at which the melt and crystal are 
of identical composition, occurs at b. This crystal is 
p type and its composition, constant throughout, is 
approximately 0.005 atom percent from stoichiometry 
as inferred from conductivity measurements. The ex- 
perimental curve of Fig. 3 has been translated so that 
the junction of regions A and B occurs at this com- 
position. 

The possibility has been considered that one or more 
impurities in the starting materials may segregate 
during crystal growth to produce the p-n junction.® In 
this connection the only known impurity present in 
sufficient quantity to warrant consideration is the Te 
contained in the Se. Two crystals were grown from 
melts containing additions of Te such as to increase its 
concentration fivefold. The initial melt composition 
was adjusted to make the atom percent Pb fall in re- 
gion B, Fig. 3. The two points identified by solid circles 
represent the Te-doped samples. Within experimental 
error the resulting crystals exhibited p-n junctions with 
positions corresponding to the results with undoped 


samples. 
CONCLUSIONS 


This experiment has shown that the invariant melt- 
ing point for the Pb-Se system in the region of the com- 
pound PbSe occurs in the Se-rich region (approxi- 
mately 50.005 atomic percent Se). The invariant point 


®R. H. McFee, J. Chem. Phys. 15, 856 (1947). 
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defines the sole composition for which the melt and 
crystal in equilibrium are of identical composition. This 
situation precludes the possibility of growing from a 
melt in equilibrium with its vapor a crystal which is 
entirely of stoichiometric composition. Other com- 
pounds, notably CuSb, behave similarly.’ Our experi- 


7M. Hansen, Der Aufbau der Zweistofflegierungen (Springer, 
Berlin, 1936), pp. 614-620. 


A. E. GOLDBERG AND G. R. MITCHELL 





ments indicate that CdSb also exhibits this behavior, 
This phenomenon may be quite general and conceivably 
may present a serious obstacle to the development of 
some compounds as transistor materials. 

The authors wish to thank Dr. F. F. Rieke for guid- 
ance and suggestions and Mr. F. Pizzarello for assistance 
with the measurements. 
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It is shown that the equations governing the steady, adiabatic, one-dimensional propagation of single- 


reaction flames admit an infinity of solutions, only one of which, however, can be realized physically. The 
steady state is shown to be stable against small perturbations, and the possibility of reconciling this result 


1. INTRODUCTION 


XPERIMENTS suggest that every nondetonable 
mixture of explosive and inert gases can support 
a steady plane deflagration wave if the proportion 
of explosive gas in the mixture exceeds a certain limit, 
which, together with the speed and structure of the 
deflagration wave, is uniquely determined by the ex- 
plosive, the diluent, the pressure, and the temperature. 
This paper seeks to provide the basis for a theoretical 
understanding of these phenomena. 

Although it is generally agreed upon that the equa- 
tions governing the structure of slow deflagration waves 
ought to possess one and only one steady state solution 
satisfying the appropriate boundary conditions, the 
usual flame equations! manifestly have no such solu- 
tion whatever. Hirschfelder and Curtiss sought to over- 
come this difficulty by altering one of the boundary 
conditions; but in so doing they created a fresh difficulty 
in the shape of a flame-holder equipped with Maxwell 
demons.” We shall find that the original difficulty stems 
from a logical inconsistency in the usual formulation 
of the problem. After developing a self-consistent and 
unambiguous set of equations and boundary conditions 
for steady flame propagation (Sec. 2), we shall, in Sec. 3, 
investigate the multiplicity and physical significance 
of the solutions that satisfy the boundary conditions. 

The stability of the steady state has been discussed 

* This work was supported in part by the U. S. Air Force Cam- 
bridge Research Center under Contract AF19(604)-146 with 
Harvard University. 

tom e.g., J. Corner, Proc. Roy. Soc. (London) A198, 388 
2h. O. Hirschfelder and C. F. Curtiss, Third Symposium on 


Combustion and Flame and Explosion Phenomena (Williams and 
Wilkins, Baltimore, 1949), p. 121. 


with apparently contradictory experimental data is discussed. 





previously by Lewis and von Elbe,’ though without any 
definite results. These writers set out to establish rela- 
tions between various parameters describing the over- 
all structure of a perturbed deflagration wave. Since it is 
impossible to give definitions of such quantities as the 
flame width and “the percentage of excess enthalpy in 
the reaction zone”’ that are both precise and useful— 
at least in the general case of nonsteady propagation— 
the discussion was necessarily semiqualitative. Lewis 
and von Elbe held that under certain conditions the 
flame width will increase indefinitely in the course of 
time if it ever exceeds its steady-state value by an 
infinitesimal amount, but they were unable to deduce 
these cohditions on theoretical grounds. In Sec. 4 of 
the present paper we shall develop a rather different 
approach to the problem of stability from that used by 
Lewis and von Elbe. 


2. THE STEADY STATE AS AN APPROXIMATION 
TO REALITY 


In a hypothetical steady state of flame propagation 
the temperature and chemical composition of the cold 
gas (i.e., the gas at an infinite distance ahead of the 
flame front) are constant in time. But in actual explo- 
sive mixtures the reaction rate remains finite as long 
as the temperature remains finite. Consequently, the 
flame equations can have no true steady-state solutions 
unless the cold gas is at zero temperature. 

In practice, however, the temperature and chemical 
composition of the cold gas remain sensibly constant 

3B. Lewis and G. von Elbe, Combustion, Flames and Explosions 


of Gases (Academic Press, Inc., New York, 1951), pp. 351, 
369-371. 
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during time intervals appreciably greater than the 
characteristic time (flame width)/(flame speed), so 
that we may neglect the effects of chemical reaction in 
the cold gas. That is, we may represent all reaction 
rates by slightly incorrect expressions that vanish at the 
temperature of the cold gas, and, if need be, allow the 
boundary conditions to vary slowly with time. One can 
justify this procedure by showing that the solutions of 
the emended flame equations are insensitive to small 
changes in the reaction rates near the temperature of 
the cold gas. 






3. FORMULATION OF THE FLAME EQUATIONS 
AND BOUNDARY CONDITIONS 


We shall confine our attention to single-reaction 
flames, so that we may regard the gas as a mixture of 
two constituents, the reactant and the product. Assum- 
ing that there exists a steady state of linear flame propa- 
gation, we shall refer all physical quantities to a frame 
in which they depend upon the x coordinate alone. 

By definition 
(3.1) 


pYP=(1—e)p, pP=ep; (3.2) 


mY) = p40) = (1—T)m, m®) = p@y@)=Tm, (3.3) 


m= pu; 


where p, #, and m represent mass density, flow velocity, 
and mass flux, respectively, and the superscripts (1) 
and (2) refer, respectively, to the reactant and product 
constituents. By (3.1)—(3.3) 

m(e—-T) =p (u—u®) = —p (uu), 


so that 


(3.4) 


de 


m(e—T') = Dy2xp— (3.5) 
dx 


if we neglect thermal diffusion and ignore the effects 
of both constituents’ being, in general, mixtures rather 
than pure gases. 

Altogether, seven variables enter into a description 
of steady flame propagation: p, p, T, e, I’, m, and the 
independent variable x. These are connected by Eq. 
(3.5), the equations of total mass, momentum, and 
energy balance, an equation of continuity for either the 
teactant or the product constituent, and an equation of 
state—six equations in all. 

Conservation of mass—The mass flux 


















m=constant. (3.6) 


Conservation of momentum—The momentum flux 


4 du 


p+ wa’ % Po= constant. (3.7) 
% 


We shall find that the flame width L~)/mcp, where d 
8 the thermal conductivity. Hence the contribution to 
the momentum flux arising from viscosity is of order 
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I 


nu/L=~nmuc,/\~pu? within the reaction zone: the 
viscosity term is of the same order of magnitude as the 
dynamic term in (3.7), and the ratio (po— p)/po M’, 
where M is the Mach number of the flow. When M*K1 
one may neglect the variation of pressure in calculating 
the functions 7, p, e, and I’. Having found p(x) and the 
constant m one can then use (3.7) to calculate p(x). 
Conservation of energy—The energy flux 


aT 
Q=—A—+m{(1—-T)H-+TH+ dou} =Qi=Os, (3.8) 
x 

















where hk is specific enthalpy, and Q; and Qz2 stand for 
Q(—«) and Q(+), respectively. (In the following, 
the subscripts 1 and 2 always have this meaning.) 
Assuming that each constituent obeys the perfect gas 
law we have 





T 
h® = g@+ cp dT. (3.9) 
Ti 
By (3.8) and (3.9) 
dT r ; 
——=f caT-(-T), (3.10) 
m dx T1 
with the abbreviations 
g=q—q, (3.11) 
a T T 
f c,dT= (1-1) coarser f Cp?dT. (3.12) 
T1 Tl T1 
By (3.10) 
T2 
f cpdT = (T2—T)g. (3.13) 
T1 
Continuity. — 
d(I'm) 
=W(¢,p,7), (3.14) 
‘% 


where W is the reaction rate and has dimensions 
[ML-*7-"]. In a steady state the reaction rate vanishes 
infinitely far ahead of the flame front and infinitely far 
behind it. Hence 


W(e,9:;,7;)=0 (¢=1,2). (3.15) 
Perfect-gas equation — 
l—e € 
p=Ro ator (3.16) 


Ten constants of integration appear in the flame 
equations: fo, p1,2, T1,2, €1,2, and m. pi,2 may be elimi- 
nated by means of (3.16). Further, since the gradients 
of all dependent variables vanish at x=+ (3.5) 
shows that 
(3.17) 


a=, €2=To. 
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Ti, po, and €, (which measures the dilution of the un- 
burnt gas) are initial data, and €2. and T2 are determined 
by the simultaneous Eqs. (3.13) and (3.152). This 
leaves only m undetermined; m is an eigenvalue of the 
system of flame equations and boundary conditions. 

We shall find it convenient to rewrite the flame equa- 
tions in terms of new dependent variables. Let 














T 
o- f cpdT/q(T2—T1) 
1! ‘ uM 
-{ cat [| f CoAT 5 (3.18) 
TI Tl 
r-Tr, €— €} W(e,p,7) 
—— J’, —e, =(c,0). 
T.—T; ec" & T.—T, J 
Then (3.5), (3.10), and (3.14) become 
de 
—= (e—T), (3.19) 
dx Dyp 
d0 MC» 
—=—(§—Tl), (3.20) 
dx x 
ar ® (3.21) 
noes sans 3.21 
dx m 
and the new boundary conditions are 
6, =I,=0,=0 (x= — 0) 
(3.22) 


é=T2=A=1 (x=+~) 


4. VALIDITY OF A MACROSCOPIC DESCRIPTION 


The equations of Sec. 3 embody a macroscopic de- 
scription of flame propagation, and therefore depend 
upon a number of implicit assumptions. In this section 
we shall derive the conditions under which these as- 
sumptions are valid. 

Thermal conduction, viscosity, and diffusion admit a 
macroscopic description if the molecular free path / is 
much smaller than the flame width L. L (like ?) can be 
defined in three different ways: 


de, 1 ¢ Diop (D"p)* 
(SY -22) 2 
dx max mN\€Ee— Tr min m 
d6\— 1 nN we Ne 
oe. ae aE EO 
x7 max M\CoO—T)/ min m\Cp 


aT, m 
dx max p* j 2 


where the asterisk has an obvious meaning. Using 
either the first or the second definition we obtain 


W/L<M, 











(4.2) 
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since 


A~con~Cphkép, Di.~n/p~ke. 
According to (4.2) a macroscopic description of trans- 
port phenomena is valid within the flame itself if the 
flame speed is much smaller than the speed of sound 
in the flame. 

Our description of heating by chemical reaction will 
be valid if the time of relaxation of the gas is much 
smaller than the characteristic time for flame propaga- 
tion, i.e., if 

We<KL/u. 


By (4.2) this condition is equivalent to the condition 
M’<1. Finally, one can show, using the third of the 
definitions (4.1), that fluctuations in the reaction rate 
are negligible provided that the flame width is much 
greater than the average distance between molecules. 

We conclude that the flame equations of Sec. 3 are 
valid if they predict flame speeds much smaller than the 
speed of sound, which is also the condition that com- 
pressibility effects be negligible. 


5. BENDIXSON’S THEORY 


The points (0,0,0) and (1,1,1) in (¢,J°,0) space are 
singular points of the system (3.19-21). To investigate 
the run of integral curves in their vicinity we shall call 
upon Bendixson’s theory of the singular points of ordi- 
nary first-order differential equations,‘ the pertinent 
results of which are summarized in the following three 





paragraphs. 
B.1. Equations of the type 
dx Ax+By+-::: 
dy Cx+Dy+ tee 
with 


(A—D)?+4BC>0. 


ee 


(Here and in what follows stands for “higher- 


order terms.”) If AD—BC>0 the origin of the («,y)- | 


plane is a nodal point: all integral curves that penetrate 
a fixed neighborhood of the origin terminate there with a 
definite slope. If AD—BC<0 the origin is a saddle 
point; four integral curves terminate there in two pairs 
of equal and opposite directions. 

B.2. Equations of the type 


x™dy/du=ay+ba-+ ---(m integral). 


We shall be concerned only with the region «>0. 
If a<O one integral curve terminates in the origin, 
where it has a definite slope. If a>0 the origin is 4 
nodal point. One can easily show that the last statement 
is valid even for nonintegral values of m> 1 and for the 
equation 
x™dy/dx=ay+bu™+ ---(m>1). 
41. Bendixson, Acta Math. 24, 3 (1900). For a partial account 


see also L. Bieberbach, Theorie der Differentialgleichungen, 
(Dover Publications, New York, 1944), Chap. I, Secs. 5, 6. 
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B.3. Reduction of equations to standard form by 
means Of bilinear transformations. One example of 
Bendixson’s general method is relevant. Consider the 


equation 


y"dy/dx=a(y—x+--+) (m>1). 


One can show that there is a unique solution having the 
asymptotic form *«=y"/ma+---. To investigate the 
multiplicity of solutions having the asymptotic form 
s=y+--+ set y—x=x2. After some reductions one 


obtains, in place of the original equation, 


x"dz/dx=az—x"14+.---, 


It follows from B.2 that for integral curves in the region 
r>0, the origin of the (x,z) plane is a nodal point or a 
saddle point according as a is > or <0. If a>0, then, 
in the («,y) plane, every integral curve that penetrates 
the wedge-shaped neighborhood bounded by the lines 
1=y, x=e (for some sufficiently small value of ¢), and 
the solution «= y"/ma-+---, terminates in the origin 
with slope unity. If a<0 only one integral curve termi- 


nates in the origin. 


6. APPLICATION TO THE FLAME EQUATIONS 


Eliminating x from (3.19-21) we obtain 


ar B(e,8) 





d0 mc, 0—-T 
de A e-T 





av Dyop (€,0) 


de m e—T 


d0 Dypcp9—T 


(6.1) 


(6.2) 


(6.3) 


for the asymptotic form of ®(¢,8) we may assume with- 


out loss of generality 


6” (r>1; €,0~0) 
(1—e)i (i>1;60~1) 


&(€,0)~ 


(6.4) 


(a) (1,1,1). Let €=1—e, 6=1—0, ['=1-—T. In the 


uighborhood of (1,1,1) the equations 








ar é 

—=a——, 
dé T-—é6 
dé r—z 
—=-f— ’ 
d@ T—é@ 
dT ei 

de T-é 


(6.5) 


(6.6) 


(6.7) 


ate approximately valid, where a, 8, and y are positive 
constants (y=a/B). The cases i=1 and 7>1 must be 


tistinguished. 
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(a.1) i=1. The origin of the (I',é) plane is a saddle 
point (B.1). Of the two solutions of Eq. (6.7), 
T=k,e+---, ke=3[14(1+4y)*), 


the second is inadmissible, owing to the requirement 
I’, €>0. Substituting the first solution in Eqs. (6.5, 6) 
we obtain 





In both the (I',6) plane and the (é,6) plane there is a 
unique integral curve terminating in the origin (B.2). 
Hence, for every value of m one and only one integral 
curve issues from the point (1,1,1) in (¢°,0) space. 
In this respect, then, (1,1,1) resembles an ordinary 
point. The same conclusion may be drawn in the case 
(a.2) i> 1. Again there are just two solutions of (6.7) 
terminating in the origin of the (I’,é)-plane (B.3): 


T=—vyei/it+---, T=e+yei+---. 
The first is inadmissible. Substituting ‘the second in 
Eqs. (6.5, 6) we obtain 
ar OT’ é 


—=a—, —=fy 


d6 T-—6 dé é—6 





In both the (I',6) plane and the (¢,6) plane there is a 
unique integral curve terminating in the origin (B.2). 

k (b) (0,0,0). In the neighborhood of (0,0,0) the equa- 
tions 











ar gr" 

— : (6.8) 
'd@ @-—T 

de e—T 

—=b) . (6.9) 
dé ~@—T 

av gr" 

—=¢ : (6.10) 
de e—T 


are approximately valid, where a, b, and ¢ are positive 
constants (c=a/b). The two solutions of (6.8) are 


T=0—a0'+---, (6.11) 
T=a0"/r+-+. (6.12) 


According to B.3 there is a unique solution with the 
asymptotic form (6.12) and a continuously infinite set 
of solutions with the asymptotic form (6.11). Using 
B.1,2 one can show that for both types of solution the 
origin of the (¢,@) plane and the origin of the (I,¢) 
plane are nodal points. We shall call solutions with the 
asymptotic form (6.12) r solutions, and those with the 
asymptotic form (6.11) ¢ solutions. Our results may 
then_be summed up as follows. For any given value of 
m the integral curves issuing from (0,0,0) and corre- 








sponding to r solutions fill a certain region, R(m), in 
(e,',@) space, while those corresponding to c solutions 
generate a certain surface, S(m), which forms part of 
the boundary of R(m). 

Now we have seen that for every value of m there is a 
unique integral curve issuing from (1,1,1). This curve 
terminates in (0,0,0) if (1,1,1) lies in R(m) or on S(m). 
For m=0 the integral curve emanating from (1,1,1) is 
the line e=@=1. Hence (1,1,1) lies outside R(0). For 
m=, on the other hand, the integral curve emanating 
from (1,1,1) is the line e=@=I', which represents an 
r solution. Hence (1,1,1) lies inside R(«). There is 
evidently a unique value of m, m*, for which (1,1,1) lies 
on S(m). All values of m>m* correspond to integral 
curves that terminate in (0,0,0) and represent r solu- 
tions, all values of m<m* correspond to integral curves 
that do not terminate in (0,0,0), and m* itself corre- 
sponds to an integral curve that terminates in (0,0,0) 
and represents a c solution. In short, the flame equations 
possess a continuous set of eigenvalues (« ,m*) corre- 
sponding to 7 solutions, and a unique eigenvalue m* 
corresponding to a c solution. 

To interpret this result physically consider the energy 
equation written in the form 


dT df aT 
mM y>—=— r— qv. (6.13) 
dx dx\ dx 


It follows from (3.14) that the reaction term or the 
conduction term dominates the right-hand side of 
(6.13) at low temperatures according as (6.11) or (6.12) 
obtains. That is, r solutions describe flames in which 
chemical reaction produces the temperature gradient 
in front of the reaction zone, while c solutions describe 
flames that propagate by the conduction of heat from 
the reaction zone into the unburnt gas. 

In practice the thermal contact between the explo- 
sive gas and its environment is usually efficient enough 
to prevent any systematic increase in the temperature 
of unburnt gas by chemical reaction alone, so that 
flames of the r variety cannot be realized physically. 
But even in rigorously adiabatic burning steady states 
of the r variety are violently unstable. For they can be 
destroyed by arbitrarily small perturbations of the 
steady-state temperature profile if these occur suffi- 
ciently far ahead of the reaction zone. 

We conclude that while the equations governing slow 
deflagration waves admit a continuum of steady-state 
solutions, only one of these solutions represents true 
flame propagation; the others represent a kind of 
geometrical propagation that cannot be realized under 
ordinary experimental conditions. 


7. CONDUCTION AND DIFFUSION 


Let us examine more closely the asymptotic behavior 
of the c solution in the neighborhood of (0,0,0). Substi- 
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tuting (6.12) in (6.10) we obtain Con 
weal r (7.1) 0= (pe 
de ae—-T : | ) 
=|p 
The asymptotic solution of this equation depends upon 
the magnitude of (r/): 
T'~(1—r/b)e 7x} 
e~—T In (r= b) . (7.2) with n 
rw (r>)) rte 
Now in general ; 
@ 
b= ( ) ~1, (7.3) r 
Dy2¢ 9p 1 
and since r>1, r/b>1. To interpret this result physi- § where 
cally, consider the diffusion equation written in the T 
form i Cy 
de d de T1 
—=¥+—( Dus). (7.4) 
dx dx dx 
It follows from (7.2) and (3.14) that the diffusion term ge 
dominates the right-hand side of (7.4) at small values of me h PI 
¢ if r/b>1, while if r/b<1 the effects of diffusion and po “ 
chemical reaction are comparable, the relative im- § . a 
portance of diffusion decreasing with 7r/b. From our a. i 
previous remarks we infer that in actual flames the “og 
dilution of unburnt gas by reaction products in the coc 
conduction zone occurs by diffusion rather than chemi- —* 
cal reaction. 

Having established the existence of a unique physi- In addi 
cally significant steady state, we shall now inquire wines 
into its stability. 

which 
8. FORMULATION OF APPROXIMATE TIME- Th 
DEPENDENT FLAME EQUATIONS —e 

We shall employ the subscript notation for partial 
derivatives. while (§ 

Conservation of mass. 

pitm,=0. (8.1) 
Conservation of momentum. vith th 
m+p:=0, (8.2) stead 
TP jected te 
with neglect of terms of order M”. are, as | 
Continuity. 
(€,p) + (I'm) -= WV (€,p,T). (8.3) 
With the help of (8.1) and the diffusion Eq. (3.5) we 9. 
obtain from (8.3) 
pec= —me,+ V+ (Dip ez) zy By (8 
equatior 


or, in terms of the variables defined by (3.18) 
per= —mez+P+ (D,2p€z) ze (8.4) 





a 


'The a 
more fully 











(7.3) : 


physi- 
n the 


(7.4) 


1 term 
lues of 
mn and 
e in- 
m our 
es the 
in the 
chemi- 


physi- 
nquire 


(8.4) 






















Conservation of energy. 


(j= (pe): +0.= (ph— p):+0.= (ph): +Q2 
yl 
-|o(a-9 cp dT 
T1 r 
J c +q 1) ee 


with neglect of terms of order M?. Using (8.3) and (3.8) 
we can write the last equation in the form 


(> evar) --(m fr) 


+q¥+(ATz)z, (8.5) 
where 
T T T 
[ clarea-o f ca +e f Cp? dT 
T1 T1 T1 
(cf. (3.12) ]. (8.6) 


Now in general—though not always—the reactant 
and product constituents of an explosive gas have 
rather different molecular weights, specific heats, self- 
diffusion coefficients, and thermal conductivities. This 
circumstance materially complicates the flame equa- 
tions, but can evidently have no qualitative bearing on 
the question of stability. For the sake of simplicity we 
shall therefore set 





























pY=y~@), Mac, Mec =c,’. 
In addition, we shall set 
Dy2p=/Cp=k, 


which is consistent with our other approximations.® 
The equation of state now becomes 


p=RpT, 

while (8.4) and (8.5) become 
pec= —mez+ P+ (kez) 2, (8.8) 
p0.= —mBz++ (Kz) 2, (8.9) 


with the help of (8.1). If we confine our attention to 
unsteady states that arise when the steady state is sub- 
jected to a finite perturbation, the boundary conditions 
are, as before, 

4=0,=0 («=—o) 


€2=0.=1 (x= + «) 


9. EVOLUTION OF NONSTEADY STATES; 
STABILITY OF THE STEADY STATE 


By (8.8-10) the quantity z= e—6 satisfies the linear 
equation 


(8.7) 


(8.10) 


p2e= — mzz+ (kZz)2 (9.1) 


‘The approximations made in this paragraph are discussed 
More fully in Part IT. 
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and the boundary conditions 
(9.2) 


In the steady state z=0. Consider a nonsteady state in 
which 20 initially. The last two equations show that 
z tends to zero everywhere as / tends to infinity.® 

Now suppose that initially the flame variables, in- 
cluding z, differ infinitesimally from their steady-state 
values. Then either the perturbation 6z remains com- 
parable to the other perturbations, in which case the 
steady state is certainly stable; or else 6z ultimately 
becomes and remains negligible in comparison with the 
other perturbations. We may therefore assume, without 
loss of generality, that z=0 to begin with. 

Some further simplifications are possible. One may 
regard the most general perturbation of, say, the tem- 
perature profile as an overall distortion of the steady- 
state profile on which are superimposed small-amplitude 
ripples whose characteristic wavelengths are much 
smaller than the flame width. It is easy to show from 
the energy equation that the ripples tend to be damped 
out by conduction much in the same way as if they 
overlay a state of uniform temperature. Similarly, 
ripples in the concentration profile tend to be damped 
out by diffusion, while ripples in the pressure, density, 
and mass-flux profiles propagate out of the flame in the 
form of sound waves. We may therefore confine our 
attention to perturbations whose characteristic wave- 
lengths are of order LZ (the flame width), and whose 
characteristic frequencies are of order u/L. Under these 
circumstances we may regard the pressure as constant 
in time as well as in space. For the variable part of the 
pressure is of order M? as compared with the total 
pressure, and since the frequency associated with per- 
turbations of the pressure is the same as those asso- 
ciated with perturbations of the temperature and 
density, p:/p is of order M? as compared with 7,/T 
and p:/p. Hence, by (8.7), 


5p/p= —6T/T 


for either spatial or temporal variations. 

We are now in a position to discuss the most essential 
features of time-dependent behavior. Consider the ag- 
gregate of reference frames ¥(x) defined, at a fixed 
instant fo (which, for the sake of neatness, we shall not 
indicate explicitly in the notation), in the following way: 
(a) In F(x) 0:(x)=p:(%)=0; (b) the origins of all the 
frames coincide. We shall denote by w(x;x’) the velocity 
of F(x) relative to F(x’), and by f(x;x’) the value of a 


2)=2o=0. 


(9.3) 


6 Since 


di\? 
pa(a)eet pals) 200=($8) pa(x)ze¢, 
where 
de=de-exp| — {(ps/pdde], 
the equation 
2t= pi(x)tat+ po(x)az2 


describes linear heat conduction in a medium of variable conduc- 
tivity if p2(x)>0 for all x. 








function f(¢) at the point x, as measured in the frame 
§(x’). From these definitions it follows that 
w (x30) = — w(x’ 5x) ; 

w (x3x"") — w(x’ ;a’’)=w(x;x’); (9.4) 


O.(x0' x) = w(20520")O21(x’); pe(x’ ja) =w(x;x")p2(x’). (9.5) 


By (8.1) and (9.5) 
m(x;x) = m(— 2 5x) — f p(x’ 5x) dx’ 


—o 


= m(— © 3x) — f w(x;x")p2 (x’)dx’. 


Hence 





dm(x;x) dm(—~;x) w(x+dx;x) f* 
= —_ J Px’ (x’)dx’, 
dx dx dx —2 


by (9.4), so that 


dm(x;x) dw(x) 
irene eg) : (9.6) 


x dx 





w(x) being the local velocity of the density and tem- 
perature profiles in an arbitrary frame of reference. 
But by (8.9) 

(€,9)+ (x02) 


m(x;x) = ; (9.7) 





where, according to the previous discussion, we may set 
©(€,0) = (0,0), so that @ depends on @ in exactly the 
same way as it does in the steady state. 

Equations (9.6) and (9.7) describe the evolution of 
flame structure in a very perspicuous way. For the 
purpose of analysis, however, we shall find it convenient 
to have the same information in more compact form. 
By (9.7) 














® O21 (a5;x) 
m,(x;x) = —— 
6, 0, 
KOrr fOxat(Xj3X) Ore (x5;x) 621(x;x) 
+ ( — )+s z ’ 
6, Cs 0, Zz 


and by (9.5) 


Oat(ajx) = —we(x)O2, Orre(4j3x) = —Wez(X)O02—2we(x)Ozz. 


— (x0); 
m, (23x) = v.(——) —KWrz 
6, 


or, with the help of (9.6) 


Hence 


&— (x02), 
pm, (x;x) = — m(——*) +ox(o/p) (9.8) 


As we have already noted, equations of this form de- 
scribe linear heat flow in media of variable conductivity. 
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Consequently m(x;x) tends to a constant. But (9.6) 
shows that m is constant only in a steady state, and 
according to the uniqueness theorem there is only one 
steady state for flames that propagate by conduction. 
It follows that m(x;x)—>m*, and the steady state is 
stable. 

Let us examine the physical basis of this result in 
more detail. Consider a small region of the steady 
flame centered on the plane x=<x* that divides the 
conduction zone [(x#,:),>®] from the reaction zone 
[(x0:)2<®].7 A perturbation that increases the steep- 
ness of the temperature profile in this region causes m 
to become greater than m* in the left-hand portion of 
the region, where conduction predominates, and less 
than m* in the right-hand portion, where chemical 
reaction predominates [ (9.8) ]. As a result, the tempera- 
ture profile tends to expand [(9.9) ]. Similarly, if the 
perturbed temperature profile is less steep than the 
steady-state profile in this region, it tends to contract. 
This spring-like resistance to distortion in the neigh- 
borhood of «=«* has a counterpart in the behavior 
of the local-mass-flux profile. One can show from (9.6) 
and (9.8) that if the perturbed temperature profile 
does not coincide with the steady-state profile in the 
neighborhood of x«=«*, then the perturbed local-mass- 
flux profile intersects the unperturbed profile at a 
point whose x coordinate coincides with «* to the first 
order, and there is a couple tending to reduce the angle 
of intersection. 

Regions of the flame in which either conduction or 
chemical reaction predominates throughout do not 
possess the kind of stability described above. In fact, 
one can always alter the steady-state temperature pro- 
file in such a way that the local mass flux assumes any 
given constant value close to m* in any small region 
not containing the plane x= 2*. And, according to (9.8), 
m(x3;x) would remain different from m* in such a region 
were it not that the structure of the flame as a whole 
influences the structure of its parts. By virtue of the 
diffusion term in (9.8) the mass-flux profile tends to 
become progressively flatter; ie., it resists bending. 
It is the combined effects of this resistance to bending 
and the couple exerted in the neighborhood of x=.* 
that cause the perturbed profile to approximate more 
and more closely the straight line m(x;x) = m*. 


10. INTERPRETATION OF INFLAMMABILITY LIMITS 


We have found that arbitrarily dilute mixtures of 
explosive and inert gases can support stable steady 
deflagration waves, whereas in practice definite limits 
of inflammability are observed. Now it is conceivable 
that departures from linear adiabatic flow, arising from 
the presence of walls, are responsible for the expeti- 
mental instability phenomena; but this explanation 


7 The distinction drawn here between a conduction zone and a 
reaction zone is evidently more natural and more useful than the 
traditional distinction, based on the sign of 0,:, between a pre 
heating zone and a reaction zone. 
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seems unlikely, because experimental workers always 
take pains to minimize precisely these effects when they 
determine inflammability limits. We are therefore 
driven to the conclusion that—if the theory is correct— 
theoretical stability does not necessarily carry with it 
practical stability, and conversely, criteria for practical 
stability depend upon the experimental conditions as 
well as the structure of the theoretical steady deflagra- 
tion wave. In short, we must anticipate that perturba- 
tions of flame structure do not bear a constant relation 
to the fluctuations of temperature and concentration 
that produce them, but increase systematically with 
increasing dilution, if the magnitude of the fluctuations 
remains fixed. In Part II, where a quantitative descrip- 
tion of flame structure in the steady state is set forth, 
we shall find that this expectation is, in fact, fulfilled. 

It is a fairly serious objection to the above views that 
inlammability limits apparently admit of precise ex- 
perimental determination. One can argue, of course, 
that the experiments are for the most part conducted 
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under standardized conditions; but the question can 
best be settled by further experiments. One aspect, at 
least, of the theory should be rather easy to test. The 
theory predicts that a deflagration wave propagating 
in a mixture of systematically variable dilution will 
exhibit perturbations of increasing amplitude when it 
passes through a region of increasing dilution. If, on 
the other hand, one were to observe that a deflagration 
wave does not respond more violently to external dis- 
turbances in regions of relatively high dilution than it 
does in regions of relatively low dilution, but merely 
recovers more slowly from their effects, then true in- 
stability in the usual theoretical sense (departures from 
the steady state proportional to e~”‘, m passing through 
the value 0) would be indicated. 

It is a pleasure to record my indebtedness to Professor 
John A. Wheeler, not only for calling my attention to 
the problems of flame propagation in the first place, 
but for the stimulating interest he has taken in the 
progress of this work. 
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A quantitative approximate theory of flame structure in the steady state, including formulas for the 
determination of flame speeds, is set forth. The theory predicts that in a first approximation, the sensitivity 
of a steady deflagration wave to external perturbations depends upon the shape of the temperature profile, 
but not upon the speed or width of the wave, or the pressure. It is shown that the sensitivity increases with 
increasing dilution of the explosive mixture, in agreement with the explanation of inflammability limits 


suggested in Part I. 


HE class of single-reaction flames, though neither 
very extensive nor of very great interest to the 
student of chemical kinetics, lends itself admirably, by 
virtue of its simplicity, to a study of the essential 
physical aspects of flame propagation. In Part I we dis- 
cussed the existence, uniqueness, and stability of the 
steady deflagration wave. Here we shall develop a 
quantitative analytical description of flame structure, 
which includes formulas for the approximate determi- 
nation of flame speeds. This will enable us to evaluate 
the influence of flame structure on stability. 
The problem of calculating the speed of a single- 
reaction deflagration wave as a function of the parame- 
ters that specify the medium in which it propagates has 


ctattiisteinaieeeens 


* This work was supported in part by the Air Force Cambridge 
Research Center under Contract AF19(604)-146 with Harvard 
hiversity, 


already claimed the attention of several writers. Boys 
and Corner! have published an approximation method, 
later generalized by Corner,” based on an iterative solu- 
tion of the flame equations. A much simpler method has 
been suggested by Adams,’ which yields the flame width 
as well as the flame speed. Some of Adams’s approxima- 
tions are rather drastic, however, and seem difficult to 
justify, especially in the case of second-order flames. 
The method described below seeks to combine the 
virtues of accuracy and simplicity. 

According to Part I, Sec. 2, the flame equations can be 


1S. F. Boys and J. Corner, Proc. Roy. Soc. (London) A197, 90 
(1949). 

2 J. Corner, Proc. Roy. Soc. (London) A198, 388 (1949). 

3 Described by Henkel, Spaulding, and Hirschfelder,: Third 
Symposium on Combustion and Flame and Explosion Phenomena 
(Williams and Wilkins, Baltimore, 1949), p. 127. 

















230 DAVID LAYZER 


written in the form 














d0 Mc» 
Sey, (1) 
dx 
dr (6,0) 
ae c. (2) 
dd mc, O0—-T 
de A e-T 
a (3) 
d6 Dypc,6—T 
with the boundary conditions 
€6:=0,=T1=0; €2=0.=T.=1. (4) 
As our first approximation, we shall set 
r 
=1. (5) 
D2p¢p 


Then (3) has the solution 
e=90, (6) 


and our original set of three coupled equations reduces 
to a pair of uncoupled equations. The justification of the 
approximation (5) is as follows. 

In the case of a pure gas we may with good accuracy 
represent the thermal conductivity by Eucken’s formula, 
and the self-diffusion coefficient by the formula of 
Maxwell and Stefan (or, alternatively, Meyer’s formula, 
corrected for the persistence of velocity), 


A=4(9—5/y)cpn, D=1.34n/p. 
Hence, 


= 1.68—0.931y. (7) 





De pp 


Now y, the ratio of specific heats, does not in general 
vary greatly over a typical range of flame temperatures 
(300-3000°K), and for typical values of y the right-hand 
side of (7) is not very different from 1. (The value of y 
appropriate to molecular oxygen, nitrogen, or nitric 
oxide, for example, varies between 1.4 and 1.3, the 
corresponding values of \/Dc,p being 1.02 and 0.96.) In 
a mixture of gases the quantity \/Dy12c,p varies between 


Au Diy Diy 


(ee ee 


and 
doe Do». Doe 


ee 


Dox _p Dy. Dy 


that is, between a value less than unity and a value 
greater than unity, since the value of Dy» is intermediate 
between the values of Dy, and Dy». 

We shall assume that the reaction rate ® has the form 


®(€,0)= (1—€):9(0)= (1—8)'9(6), i=1 or 2%. (8) 





We may then replace (2) by 
ar (1-6) 'f() 
en, 


(9) 





d é—T 
where 
A2¢(1) 
er oa (10) 
MC p2 
and 
(0) = AgO)/cp)/Ase(1)/cp2), (11) 
so that 
f(I)=1. (12) 


By virtue of the boundary conditions, the numerical 
value of the constant A is uniquely determined by the 
function f(6). To find the functional A[f(@)] we shall 
first determine the function A (m)= A[6” ], and then set 
up an approximate correspondence between the class of 
arbitrary normalized functions f(@) and the much 
narrower class of functions 6”. 

With {(6)=6", Eq. (9) becomes 


av ~— (1-6) 9" 
=A (13) 
0 o-T™ 





Multiplying through by (@—T) and integrating by parts 


we obtain 
1 
1 f rea 





A(nji)=— : ; (14) 
f (1—6) ‘6"d0 
0 
Now by (13), '™(@) is given by 
6 
rm @=4f (1—6) 6"—"'d6, (15) 
0 


provided that the right-hand side of this equation is 
much smaller than @. From (15) and (14) it follows that 
I'™ (6)—0 as n— for every value of 6 less than unity. 
Hence, fo! '™dé-0 as n—~, and by (14) 


A (31) =4n?+an+aota_n"+---, 
A (32) = jn? + bon?+byn+ ---. 


To determine the unknown coefficients in these ex- 
pansions, Robert Goerss and I, using an IBM card- 
programmed electronic calculator and following the 
usual procedure of trial and error, have computed values 
of A ;(n) to three significant figures for 2<n< 10, i=1, 2. 
Theseco mputed values, which are listed in Table |, 
may be adequately represented by the formulas 


A (w31)= b+ eB 


A (n;2) = jn'+ 3n?—in+1— pn 


(16) 
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valu 
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We have now to find a way of assigning effective 
values of m to arbitrary normalized functions /(@). 
According to (14), f(@) and 6” correspond to the same 
value of A if and only if 


1 1 


fire yf rw 
0 0 





faa [cove 


Now for moderate and large values of m the numerator 
of the expression on the right is less sensitive to small 
variations of m than the denominator. This suggests 
that to a good approximation » is given by the equation 


f a-oord= f 1-9 'f@ao=s, (17) 


mix (142) 
2 72 a 
nt2=[—+(—+---) | (t=2). (19) 
J» J2 


In agreement with our previous approximations we 
may approximate ['(@) by I'“™ (6). Now even I™ is a 
rather complicated function of 6. It turns out, however, 
that except in the immediate vicinity of [=1, T™ is 
adequately represented by the monomial @” if N is 
chosen in such a way that (14) is satisfied. Setting 


T” (0) = AN (n; i) (20) 


(j=1), — (18) 


and using (14) and (16), one obtains 
N (n;1)=0.77n+-0.35+ --- 
N (n;2)=0.5n+0.25+0.9n-14 +++} 


Finally, with the help of (20), we can solve Eq. (1), 
which may be written in the form 


(21) 


do 
mh §, (22) 
dé 
where 
dé= (mc,/d)dx. (23) 


The solution of (22) is : 
e* 


" (1-¢e¥—DeuN— 





(24) 


This completes our approximate solution of the flame 
equations. 


According to Eq. (9.7), Part I, the local mass flux 


med 2(6A)-+ (2) 
€, a)z 


6, 





m(x;x) = 


PART II 


TABLE I. 








A (n;1) 


2.01 

4.66 

8.32 
13.0 
18.6° 
25.3 
33.0 
41.7 
51.4 


= 





se 
SOONA Un WD 











In terms of dimensionless variables 
m(x;x) A(1i—e)‘@ 4 fe 


m* 0: as 





(25) 


the left-hand side being equal to unity in the steady 
state. Let 6* be the temperature at which the heating 
effects of conduction and chemical reaction are precisely 
equal in the steady state. Then by (25) 


A (1—6*) ign 


aA pA 
— (26) 
In this equation we may replace 6;* by 6* if I!” (6*)<«<6*, 
that is, according to (15), if 


A (n;1) 
( 104 
n+1 
(27) 
A (n;2) il - 
| (ie 


n nt 


ppc (t= 2) 
n+1 . 


(27) and (26), with 6* in place of @;*, are consistent if 

is sufficiently large and if 1—@*>>1/n. With 0;,*=0*=1 

—y/n (26) becomes, if x is large, 
A (n;i) 


i= yi(1—y/n)*I1= 
i rs 1 2a 
n* qnye¥ 


(i= 1), 
(i=2). 


dnye—¥ 


The appropriate solutions are 
(i=1), 
(t= 2); 


y=logn+log logn-+ - - - 
y=log(n/2)+2 log log(n/2)+ -- - 
logn 


9* = 1 —-—— 
n 


(i=1,2). (28) 


With increasing ”, the reaction zone is compressed into a 
narrower and narrower range of temperature. 

We are now in a position to examine the effect of 
fluctuations of temperature and concentration upon 
flame structure in the region where the heating effects of 
conduction and chemical reaction are comparable. By 
(25) and (28), 


in n 
ni ( et = ———e+-0. (29) 
2logn 2 








Equation (29) shows that for any given fluctuations, 66 
and de, 5m/m increases indefinitely with ». Now we have 
seen in Part I, Sec. 4, that the region where conduction 
and reaction have comparable heating effects plays a 
dominant role in the evolution of a nonsteady flame, in 
that changes that occur there in the value of the local 
mass flux propagate outward into the conduction and 
reaction zones. Thus, fluctuations in the value of m(x;x) 
in the “intermediate zone” give rise to pulsations of the 
flame as a whole; and large, irregular fluctuations give 
rise to large, irregular pulsations. Accordingly, if we were 
to examine a series of flames corresponding to increasing 
values of the parameter ”, and subject to the same ex- 
ternal perturbations, we should expect to find the most 
marked departures from steadiness in the flames corre- 
sponding to the greatest values of . 

We have now to inquire how the parameter » depends 
on the primary data of the problem. Suppose, for the 
sake of definiteness, that the reaction rate has the form 


W= B[p(1—«) ]‘ expl[— E/R(T—T))], 


and let us assume, in order to avoid irrelevant com- 
plications, that the specific heat of the mixture is 
constant throughout the flame, and that the reactant 
and product molecules have equal molecular weights. 
Then 6= (T—T;)/(T2—T;) and 


W~T-i(1—6)‘ exp[—E/R(T—-T1)] 


1 
~(1—e)*(@+r)-' exp| -a(-— 1) | 
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where a= E/R(T2—T7;), r=T1/(T2—T;). The parame. 
ter is defined by 


J 0—o:@+0>-texp| —e(——1) a 











1 
=1), 
(n+ 1) (n+2) 
=2), 
(n+1)(n+2)(n+3) 
whence it is clear that 
on 
—>0O (E, 7; fixed). 
Oa 


From our previous discussion, it follows that the struc- 
ture of a steady deflagration wave becomes increasingly 
sensitive to external perturbations as a increases. Since a 
increases with increasing dilution, this prediction of the 
theory is in qualitative agreement with experiment if 
the interpretation of experimental instability phenomena 
suggested in Part I is correct. The theory also predicts 
that the sensitivity of a flame to external perturbations 
is independent of the pressure, at least in a first ap- 
proximation, and here too—with the same proviso as 
before—the theory agrees with experiment.‘ 


4 See Lewis and von Elbe, Combustion, Flames and Explosions 
of Gases (Academic Press, Inc., New York, 1951), p. 761. 
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Harwoop G. Korsky, Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 
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PAuL W. GILLEs, Department of Chemistry, University of Kansas, Lawrence, Kansas 
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Tables of the thermodynamics properties of titanium considered as an ideal monatomic gas were calculated 
using the Los Alamos Scientific Laboratory IBM 701 Computer for a temperature range 0 to 8000°K. 


N an earlier paper! one of the authors participated 
in the calculation of a table of the thermodynamic 
properties of titanium considered as an ideal monatomic 
gas in the temperature range 0 to 5000°K. At that time 


*This work was supported by the U. S. Atomic Energy 
Commission. 


1P. W. Gilles and Q. D. Wheatley, J. Chem. Phys. 19, 129 


(1951). 





the tables were stopped at 5000°K and several blank 
places were left because of the very tedious calculations 
required to proceed further. The recent appearance of 
high-speed digital computers on the scene has made it 
possible to perform such calculations in much shorter 
time and with much less human effort. 

Table I from 0 to 8000°K was computed on the IBM 
701 Calculator at the Los Alamos Scientific Laboratory. 
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TaBLE I. The thermodynamic properties of gasesous titanium. 








Cp® cal/ 


ra —(Fr—Ho®)/T Hr—Ho 
deg mole 


deg K cal/deg mole cal/mole 


S1® cal/ 
deg mole 


Cp® cal/ 
deg mole 


T  —(FY-HA)/T He—-Hoe 
deg K cal/deg mole cal/mole 


Sr cal/ 
deg mole 





4.96798 
4.97000 
5.02099 
5.19654 
5.46304 
5.74307 
5.98968 
6.18802 
6.33868 
6.44708 
6.51938 
6.56135 
6.57826 
6.57488 
6.55548 
6.52378 
6.48299 
6.43575 
6.38425 
6.33023 
6.19224 
6.05972 
5.93872 
5.83861 
5.83116 
5.73689 
5.65484 
5.58361 
5.52176 
5.46798 
5.42108 
5.38006 
5.34406 
5.28431 
5.23733 
5.19998 
5.17011 
5.14629 
5.12758 
5.11344 
5.10356 
5.09783 
5.09625 
5.09886 
5.10572 
5.11689 
5.13239 
5.15221 


18.8884 49.6798 
22.3320 99.3628 
24.3471 149.234 
25.7816 200.216 
26.9049 253.472 
27.8367 309.517 
28.6395 368.218 
29.3487 429.148 
29.9864 491.819 
30.5670 555.781 
31.1008 620.641 
31.5950 686.067 
32.0553 751.784 
32.4860 817.565 
32.8906 883.229 
33.2719 948.634 
33.6324 1013.67 
33.9741 1078.27 
34.2986 1142.37 
34.6074 1205.95 
35.3193 1362.48 
35.9578 1515.61 
36.5354 1665.56 
37.0247 1801.92 
37.0619 1812.66 
37.5447 1957.23 
37.9902 2099.60 
38.4032 2240.06 
38.7879 2378.86 
39.1476 2516.22 
39.4853 2652.32 
39.8033 2787.32 
40.1036 2921.36 
40.6582 3187.01 
41.1605 3450.01 
41.6191 3710.90 
42.0408 3970.13 
42.4309 4228.02 
42.7937 4484.84 
43.1327 4740.85 
43.4507 4996.26 
43.7502 5251.27 
44.0332 5506.11 
44.3014 5760.97 
44.5562 6016.07 
44.7990 6271.61 
45.0308 6527.83 
45.2526 6784.92 


23.8563 
27.3001 
29.3215 
30.7870 
31.9742 
32.9953 
33.8997 
34.7130 
35.4510 
36.1248 
36.7429 
37.3122 
37.8382 
38.3257 
38.7787 
39.2008 
39.5951 
39.9644 
40.3110 
40.6371 
41.3747 
42.0202 
42.5920 
43.0681 
43.1040 
43.5669 
43.9890 
44.3766 
44.7350 
45.0681 
45.3793 
45.6712 
45.9463 
46.4527 
46.9104 
47.3281 
47.7123 
48.0682 
48.3997 
48.7101 
49.0021 
49.2778 
49.5392 
49.7879 
50.0253 
50.2525 
50.4706 
50.6805 





5.17630 
5.20457 
5.23687 
5.27304 
5.31289 
5.35620 
5.40273 
5.45225 
5.50453 
5.55930 
5.61636 
5.67546 
5.73641 
5.86303 
5.99481 
6.13059 
6.26943 
6.41057 
6.55346 
6.69761 
6.84266 
6.98829 
7.13418 
7.28006 
7.57056 
7.85720 
8.13723 
8.40776 
8.66606 
8.90968 
9.13666 
9.34556 
9.53549 
9.70608 
9.85746 
9.99008 
10.1047 
10.2022 
10.2838 
10.3505 
10.4033 
10.4435 
10.4720 
10.4898 
10.4977 
10.4967 
10.4873 
10.4703 
10.4464 


1300 45.4653 7043.12 
1350 45.6696 7302.62 
1400 45.8662 7563.64 
1450 46.0557 7826.38 
1500 46.2386 8091.01 
1550 46.4154 8357.72 
1600 46.5866 8626.68 
1650 46.7525 8898.04 
1700 46.9136 9171.95 
1750 47.0700 9448.54 
1800 47.2222 9727.92 
1850 47.3703 10010.2 
1900 47.5147 10295.5 
2000 47.7931 10875.4 
2100 48.0590 11468.3 
2200 48.3137 12074.5 
2300 48.5583 12694.5 
2400 48.7939 13328.5 
2500 49.0214 13976.7 
2600 49.2414 14639.2 
2700 49.4547 15316.2 
2800 49.6618 16007.8 
49.8632 16713.9 
50.0594 17434.6 
50.4376 18919.7 
50.7992 20462.6 
51.1463 22062.1 
51.4807 23716.8 
51.8038 25424.4 
52.1167 27182.3 
52.4240 28987.2 
52.7158 20835.7 
53.0035 32724.2 
53.2841 34648.6 
53.5581 36605.3 
53.8257 38590.4 
54.0875 40600.1 
54.3437 42631.1 
54.5945 44680.0 
54.8402 46743.6 
55.0810 48819.2 
55.3170 50904.1 
55.5485 52995.9 
55.7755 55092.2 
55.9982 57191.1 
56.2168 59290.7 
56.4314 61389.2 
56.6420 63485.1 
56.8488 65576.9 


50.8830 
51.0789 
51.2687 
51.4531 
51.6325 
51.8074 
51.9782 
52.1452 
52.3087 
52.4691 
52.6265 
52.7812 
52.9333 
53.2308 
53.5200 
53.8020 
54.0776 
54.3474 
54.6120 
54.8718 
55.1273 
55.3788 
55.6265 
55.8709 
56.3500 
56.8176 
57.2746 
57.7219 
58.1598 
58.5886 
59.0083 
59.4192 
59.8210 
60.2138 
60.5975 
60.9720 
61.3375 
61.6938 
62.0411 
62.3794 
62.7089 
63.0297 
63.3419 
63.6457 
63.9414 
64.2290 
64.5088 
64.7810 
65.0458 











The problem code was prepared using “Dual Coding” 
which is a system for automatically performing arith- 
metic operations in “floating decimal” (i.e., the numbers 
used are in the form 4X10). It also contains various 
common functions such as exp, In, sin. Eight significant 


*S. Schlesinger, “Dual Coding System,” Los Alamos Scientific 
Laboratory Report LA-1573 (1953). 


figures are carried in all calculational steps. The 701 
required an average of twelve seconds to calculate and 
print the tabular values for one temperature. 

The constants used in the calculation are identical 
to those used in reference 1. Only six nonrounding errors 
were found in the previous table, none of any 
consequence. 
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Results on wavelength shifts of the 0,0 bands in the near ultraviolet absorption spectra of a number of 
fluorinated benzenes are presented, and a brief discussion in terms of the inductive effect and the migration 


effect is added. 





T has been observed that the electronic transition 

which occurs in benzene at 2600A shifts toward 
longer wavelengths upon substitution. This shift has 
been the subject of many studies and was discussed, 
usually together with the intensity of the absorption 
spectra, in its dependence upon the resonance inter- 
action between ring and substituent (migration effect, 
mesomeric effect) and upon the polarity of the ring- 
substituent bond (inductive effect). In general, the 
results on intensities'>'* have been more satisfactory 
than those on wavelength shifts. 

We have made in our laboratory some interesting 
observations on wavelength shifts in the spectra of 
fluorinated benzenes. The most unusual result was 
obtained for 1,3,5-trifluorobenzene.* Unlike the cases of 
other substitutions studied spectroscopically, in which 
the spectrum of the trisubstituted derivative shifts 
further to the red as compared to that of the mono- 
derivative (see for example 1,3,5-trichlorobenzene‘* in 
Table I), the spectrum of 1,3,5-trifluorobenzene shifts 
toward the violet as compared to the fluorobenzene 
spectrum. In fact, it even lies at shorter wavelengths 
than the benzene spectrum. Although the analysis has 
been carried through only partially so far, it can be said 
that the calculated position of the 0,0 band is probably 
at 38527 cm. This means that introduction of two 
more fluorine atoms in the 3 and 5 positions over- 
compensates the small red shift for fluorobenzene, 
causing a total shift of 708 cm™ to the violet with 
respect to the 0,0 band in fluorobenzene. We believe 
this to be the first example of this type. The spectrum 
has the intensity and the appearance characteristic of a 
transition forbidden by symmetry, as is to be expected 
for the first absorption of a symmetrical trisubstituted 
benzene molecule and as has been found to be the case 
for 1,3,5-trimethylbenzene and 1,3,5-trichlorobenzene. 

Subsequent investigation of the near ultraviolet spec- 


* Guggenheim Fellow, at present at Institute for Mechanics and 
Math. Phys., University of Uppsala, Sweden. 

1 (a) K. F. Herzfeld, Chem. Revs. 41, 233 (1947); (b) A. L. 
Sklar, J. Chem. Phys. 7, 984 (1939) ; ibid. 10, 135 (1942); (c) Th. 
Forster, Z. Naturforsch. 2a, 149 (1947); (d) F. A. Matsen, J. Am. 
Chem. Soc. 72, 5243 (1950); (ec) W. W. Robertson and F. A. 
Matsen, J. Am. Chem. Soc. 72, 5252 (1950). 

2 John R. Platt, J. Chem. Phys. 19, 263 (1951). 

3M. L. N. Sastri, Ph.D. dissertation, Duke University, 1951. 

4H. Sponer and M. D. Hall, V. Henri Memorial Vol. Con- 
tributions a l’Etude de la Structure Moléculaire, Desoer 1947- 


1948, p. 211. 
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trum of 1,3,5-tris-trifluoromethylbenzene' gave as prob- 
able position of the nonobservable 0,0 band 38 100 
cm", that is, it is shifted towards shorter wavelengths 
not only with respect to benzotrifluoride, but also with 
respect to benzene (Table I). 

Another interesting example offers the series fluoroben- 
zene, p-difluorobenzene,® 1,2,4-trifluorobenzene,’ where 
the 0,0 band of the p-diderivative moves toward the red 
and that of the 1,2,4-triderivative shifts a little back 
toward the position of the 0,0 band of the mono- 
derivative. The corresponding transitions in chlorinated 
benzenes, added for comparison in Table I, show a con- 
tinued red shift from the mono- to the trisubstituted 
compounds. 

The observations on the shifts suggest that they are 
the result of the combined action of two effects. In the 
first effect, the fluorine because of its large electron 
affinity attracts o electrons from the ring (inductive 
effect), in the second effect, charge from the non- 
bonding 27 electrons of the substituent can migrate 
into the ring (migration effect).t Because of the very 
high ionization potential of the fluorine atom, the second 
effect is very small. The effects are opposite in sign. 
They will not only influence the charge of the fluorinated 
carbons, but also the charge of the whole frame in 
which the mobile z electrons travel. If the migration 
effect predominates, the negative charge added to the 
ring will decrease the potential field in which the 7 
electrons move; if, on the other hand, the effect resulting 
from the electron affinity is greater, the ring potential 
increases.{ Thus, in the first case the absorption spec- 
trum will show a red shift and in the second case a blue 
shift. In multiple substitutions, the arrangements pro- 
ducing the smallest migration effect will give the largest 
blue shift. In the trisubstituted fluorobenzenes this is, 


( on D. Cooper and F. W. Noegel, J. Chem. Phys. 20, 1903 
1 " 

®C. D. Cooper, Phys. Rev. 91, 241 (A) (1953). The solution 
spectrum was taken by A. Wenzel and H. P. Stephenson at our 
laboratory. 

7Vapor and solution spectra were first obtained by H. P. 
Stephenson and are now being studied in more detail by K. N. 
Rao in our laboratory. 

T The = electrons can also be attracted in the inductive effect, 
but the migrational effect is considered more important for them. 

t The views presented here lie somewhat along the lines recently 
put forward by C. A. Coulson [Proc. Phys. Soc. (London) 65, 933 
(1952) ] in his treatment of alkyl shifts in absorption spectra of 
azulenes. See also Pullman, Mayot, and Berthier, J. Chem. Phys. 
18, 257 (1950) and H. C. Longuet-Higgins and R. G. Snowden, Jr., 
J. Chem. Soc. 1952, 1404. 
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for example, the case for the 1,3,5-arrangement, but in 
the 1,2,4-compound the migrational effect outweighs the 
inductive effect. The chlorobenzenes will always give a 
red shift, as not only is the electron affinity of the Cl 
atom smaller than that of the F atom, but it also has a 
much smaller ionization potential, which will increase 
the migrational effect. 

Forster has given a semi-empirical formula for the 
wavelength shift in substituted benzene spectra. It con- 
sists of two terms 


Av=vo— v= B+ (n(3—n)/24+-39)C. (1) 


Here vo and » are the 0,0 bands of benzene and the sub- 
stituted benzene in wave numbers, ” is the number of 
substituents, p is the number of pairs in para-position, 
and B and C are constants characteristic of the par- 
ticular substituent. The number in the large bracket, 
called here uw, represents a geometrical property of the 
molecule. The same number is important for the in- 
tensity increase of the electronic transition in question 
over the intensity of the unsubstituted parent molecule, 
benzene, that is J—Jp=ywA. Here Jp is the “vibrational”’ 
contribution to the intensity (taken as the benzene 
value), J is the total intensity and A is another con- 
stant characteristic of the substituent. The ratios of u 
numbers in substituted benzenes CsH;S:o0-CsH.S:: 
m-C5H.4Se ° p-CeHS2: 1,2,4-C.H;3S;3: 1,3,5-CsH;S;= i:i: 
1:4:3:0 correspond then roughly to the ratios of the 
observed intensities J'>'%? (f values). It was found 
possible to express the observed shifts in the spectra 
of the fluorinated benzenes by a Forster formula, if a 
negative value is chosen for B. The negative B might 
indicate the importance of the large electronegativity 
of the fluorine atom. The best fit of the fluoro-series is 
obtained for B values between —100 and —130 and 
corresponding C values between 380 and 410, all in 
wave numbers. The shifts of the corresponding chloro- 
series (all to the red) may be represented with B and C 
values of about 845 and 170 cm~, respectively. Because 
of scarcity of material in the fluoromethyl-series no 
similar representation is possible for the shifts in this 


TABLE I. Positions of 0,0 bands (vapor) and intensities in the 
near ultraviolet spectra of some fluorinated and chlorinated 
benzenes. 








Intensity 
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Molecule 0,0 band cm=! 
Benzene CeHe 38 089 calc 
Fluorobenzene CeHsF 7 8198 
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p-difluorobenzene | ~*****? 
‘ita HF 
1,3,5-trifluorobenzenef ~****"* 
1,2,4,5-tetrafluorobenzene CeH2F« 


Benzotrifluoride CeHsCFs 37 8194 
1,4-bis-trifluoromethylbenzene CeH4(CFs)2 37 4605 
1,3,5-tris-trifluoromethylbenzene CsHa(CFs)s ~38 1005 calc 
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Chlorobenzene CsHsCl 
o-dichlorobenzene 
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aS. H. Wollman, J. Chem. Phys. 14, 123 (1946). 

b V. Ramakrishna Rao and H. Sponer, Phys. Rev. 87, 213(A) (1952). 
¢ Results of K. N. Rao in our laboratory. 

4H. Sponer and D. S. Lowe, J. Opt. Soc. Am. 39, 840 (1949), 

e W. T. Cave and H. W. Thompson, Disc. Faraday Soc. 9, 35 (1950). 
! H. B. Klevens and Lois J. Zimring, J. chim. phys. 49, 377 (1952). 

e H. Sponer and S. H. Wollman, J. Chem. Phys. 9, 816 (1941). 

b H. Sponer, Revs. Modern Phys. 14, 224 (1942). 

i Hedwig Kohn and H. Sponer, J. Opt. Soc. Am. 39, 75 (1949). 


series and for the shifts in the fluorinated benzotri- 
fluorides. 

It is perhaps not superfluous to add to this discussion 
that all known near ultraviolet spectra of fluorinated 
benzenes in the vapor phase show discrete structure 
with sharp or rather sharp bands. The difference of 
appearance of the spectra of 1,3,5-trifluorobenzene and 
1,3,5-trichlorobenzene is particularly striking. 

Acknowledgment is made to Dr. J. Rud Nielsen 
(University of Oklahoma), Dr. D. C. Smith, and Mrs. 
N. B. Moran (Naval Research Laboratory), for kindly 
supplying us with samples of 1,3,5- and 1,2,4-trifluoro- 
benzene, and 1,2,4,5-tetrafluorobenzene; and to Dr. L. 
Bigelow (Duke University) for the meta- and para- 
difluorobenzene samples. It was a pleasure to have 
stimulating discussions with Dr. Platt on the subject of 
wavelength shifts. 
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Determinations of the highest occupied (Hg, Hs) and the lowest vacant levels (Vg, Vg) were made with 
benzene and some substituent groups using experimental knowledge of their ionization potentials and their 
near ultraviolet absorption spectra. On the basis of the relative height of these levels, monosubstituted 
benzenes can be classified into following three groups: (1) |Vs—Hg|<|Ve—Hs| for meta-directing mole- 
cules: (2) |Vs—Hp|>|Vs—Hs| for ortho-, para-directing molecules: (3) |Vs—Hp|~|Vg—Hs| for 
styrene. By the aid of a simple quantum-mechanical treatment, it becomes sure that in the case of (1) the 
interaction between levels V's and Hg is predominant and the migrating electron flows out of benzene into 
the substituent: on the other hand in the case of (2) the interaction between levels Vg and Hs is the stronger 
and the migrating electron moves in the reverse direction: and finally, in the case of (3), both interactions 
referred to in the foregoing should be taken into account with almost equal importance. 

Furthermore, it was shown that the difference in the ionization potential between the meta- and the ortho-, 
para-directing monosubstituted benzenes can be interpreted by taking into consideration the interaction of 
Hg with Hs or Vs, and that the absorption bands in the wavelength region 2300~2600A, observed with 
meta-directing molecules, may be regarded as due to the transition between two levels which occur by the 


interaction between levels Vs and Hp. 





INTRODUCTION 


T is well known that the monosubstituted benzenes 
may be classified into two different groups on the 
basis of the location on which the cationoid substitution 
takes place. One of them is the ortho-, para-directing 
group and the other is the meta-directing one. Aniline 
and phenol are typical examples of the former, and 
nitrobenzene and benzoic acid those of the latter. 
Between these two groups there are some notable differ- 
ences in their physico-chemical properties. For in- 
stance, from the consideration of dipole moments, it is 
deduced that in the ortho-, para-directing monosub- 
stituted benzenes, migrating electrons flow out of the 
substituent groups into the benzene ring, while in the 
meta-directing ones they move in the opposite direction.! 
Furthermore the recent investigation on the ionization 
potential made by Morrison? shows that ionization 
potentials of ortho-, para-directing molecules, such as 
phenol, toluene, and chlorobenzene, are smaller than 
that of benzene, and that the reverse is the case for those 
of meta-directing ones, e.g. nitrobenzene and aceto- 
phenone. 

Previously, electron migrations of these molecules 
have been treated qualitatively from the standpoint of 
resonance theory.* Furthermore, for the ortho-, para- 
directing molecules, several quantitative treatments 
have also been carried out by the use of the molecular 
orbital method.4-* However, it does not seem that any 


1C. A. Coulson, Valence (Oxford University Press, London, 
1952), p. 248. 

2 J. D. Morrison, J. Chem. Phys. 19, 1305 (1951); J. D. Morri- 
son and A. J. C. Nicholson, 20, 1021 (1952). 

3L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, 1940), p. 150. 

4A, L. Sklar, J. Chem. Phys. 7, 984 (1939). 

5K. F. Herzfeld, Chem. Revs. 41, 233 (1947). 

*F. A. Matsen, J. Am. Chem. Soc. 72, 5243 (1950). 
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quantum-mechanical calculation has been made for the 
meta-directing molecule. 

In this paper, it will be emphasized that the inter- 
actions between the highest occupied and the lowest 
vacant orbitals of benzene and the substituent group 
play an important réle in the electron migration effect 
of the meta-directing molecule as well as the ortho-, 
para-directing one. Moreover, it will be seen that several 
differences in physico-chemical properties between two 
kinds of monosubstituted benzene molecules can be 
explained sufficiently well by the simple quantum- 
mechanical treatment by which the foregoing inter- 
actions are taken into consideration. 


THE ESTIMATION OF ENERGY LEVELS FOR BENZENE 
AND FOR SOME SUBSTITUENT GROUPS 


We will try to determine locations of molecular 
orbitals for benzene and some substituent groups. First 
of all, their highest occupied orbitals will be determined. 
From the standpoint of the molecular orbital theory, 
highest occupied orbitals may be regarded as equal to 
ionization potentials’ to a first approximation. By the 
use of ionization potential data, therefore, they can 
easily be determined as shown in Fig. 1 where they are 
designated by Hz and Hs for benzene and the substi- 
tuent group, respectively. 

Secondly, the lowest vacant orbital can be estimated 
approximately by the combination of the highest occu- 
pied level mentioned in the foregoing and experimental 
knowledge about the electronic absorption spectra. 
As an example, this procedure will be explained with 
benzene. Its highest occupied z level can be determined 
as — 9.24 ev from its ionization potential value obtained 

7R. S. Mulliken, Report on Molecular Orbital Theory, 194/7- 
1948 and 1948-1949 U. S. Office of Naval Research Reports of 


the Physics Department Spectroscopic Laboratory of the Uni- 
versity of Chicago. 
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Fic. 1. Energy-level diagrams of benzene and some substituent groups. Ionization potential data are obtained from the 
following references. Benzene—references 2 and 8; ethylene—W. C. Price and W. T. Tutte, Proc. Roy. Soc. (London) A174, 


207 (1940); nitromethane—private communication from Dr. 


Morrison; acetaldehyde—A. D. Walsh, Proc. Roy. Soc. 


(London) A185, 176 (1946); acetone—A. B. F. Duncan, J. Chem. Phys. 3, 131 (1935); acetic acid, methyl amine, methyl 
alcohol—reference 2; methyl chloride, methyl bromide, methyl iodide—W. C. Price, J. Chem. Phys. 4, 539 (1936); mer- 
captan—Price, Teegan, and Walsh, Proc. Roy. Soc. (London) A201, 600 (1951). 


by Price and Wood,’ and the mean value of six absorp- 
tion bands corresponding to the transition Ei\,—>Fou 
was estimated by Roothaan and Mulliken as 5.5 ev.° 
Then it may be concluded that its lowest vacant energy 
level Vz lies at —3.74 ev. For the carbonyl group the 
ionization potential (10.18 ev) should correspond to the 
energy value of the nonbonding electron in the oxygen 
atom,” and the absorption spectra corresponding to the 
n—r* transition appears in 2880A (4.27 ev)," so its 
lowest vacant * level V s can be estimated as — 5.91 ev. 

In the same way, we can determine energy levels for 
other substituent groups, such as nitro and carboxyl 
groups. In these cases it is estimated that the absorp- 
tion spectra corresponding to the m—z* transitions 
appear at 2800A” and 2050A® for nitro and carboxyl 
groups, respectively. Energy level-diagrams obtained 
thus with benzene and several substituent groups are 
shown in Fig. 1, where the level labeled by z repre- 





8W. C. Price and R. W. Wood, J. Chem. Phys. 3, 439 (1935). 

°C. C. J. Roothaan and R. S. Mulliken, J. Chem. Phys. 16, 
118 (1948). 

R. §. Mulliken, J. Chem. Phys. 3, 564 (1935). 

1 Am. Petroleum Inst. Catalog of Ultraviolet Spectrograms, 
p. 96; H. L. McMurry, J. Chem. Phys. 9, 231 (1941); H. Baba, 
J. Chem. Soc. Japan, 72, 214 (1951). 

® Am. Petroleum Inst. Catalog of Ultraviolet Spectrograms, 
p. 104. This band may probably be due to the n—x* transition 
because its intensity is weak and it shows the blue shift 
character. 

4H. Ley and B. Arends, Z. physik. Chem. B17, 177 (1932); 
S. Nagakura, Bull. Chem. Soc. Japan 25, 164 (1952). 


sents the bonding z orbital. It may be estimated by the 
aid of the absorption spectrum corresponding to the 
n—n* transition. 


THE RELATION BETWEEN ENERGY-LEVEL 
DIAGRAMS AND THE DIRECTION OF 
THE_ELECTRON MIGRATION 


According to the method adopted for ortho-, para- 
directing monosubstituted benzene molecules by Sklar,‘ 
the electron migration between two groups can be 
interpreted on the basis of the interaction between the 
vacant orbital of one group and the occupied orbital of 
another. Furthermore, as pointed out by Coulson," in 
order that there may be an effective interaction be- 
tween two energy levels, it is necessary that their 
energies be of comparable magnitude, their symmetry 
appropriate, and their electron clouds overlap one 
another as much as possible. 

From the foregoing viewpoint, the most striking fea- 
ture of the energy-level diagrams given in Fig. 1 is 
that in meta-directing molecules the energy difference 
between levels Hz and Vs is much smaller than that 
between levels Vz and Hs. In addition to this, much 
more overlapping may be expected between orbitals 
Vs and Hz than between Vz and Hs, because the 
oxygen atom, to which the orbital Hs belongs, is far 
from the benzene ring. Therefore, it seems probable 


“4 See reference 1, p. 71. 
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Fic. 2. New levels W, and W, caused by the interaction 
between levels Hg and Vs. 


that for the meta-directing molecule, the interaction 
between levels Hz and Vs may be predominant and the 
m electron belonging to Hg migrates to Vs to some 
extent. 

On the other hand, in ortho-, para-directing substit- 
uents, such as amino and hydroxyl groups, the lowest 
vacant orbital which can possess mw character is 39. 
Its energy is probably so much greater’ than that of 
Hz that no effective interaction occurs between them. 
In this case, therefore, we may expect that the inter- 
action between levels Hs and Vz is overwhelming and 
the nonbonding 7 electron of the substituent migrates 
to the benzene ring. At any rate, it may be inferred 
from the foregoing qualitative consideration that the 
difference in the direction of the electron migration 
between ortho-, para-directing, and meta-directing mono- 
substituted benzene molecules can be interpreted on the 
basis of the interaction between the highest occupied 
and the lowest vacant orbitals of benzene and substit- 
uent groups. Then this problem will be treated some- 
what more quantitatively by the following quantum- 
mechanical calculation. 

For meta-directing molecules, the highest occupied 
orbital of benzene interacts with the lowest vacant 


15 Tt is most probable that the 3p levels of oxygen and nitrogen 
atoms may be higher than —2 ev, although they cannot be de- 
termined definitely. See R. J. Thompson and A. B. F. Duncan, 
J. Chem. Phys. 14, 573(1946). 


orbital of the substituent group. Consequently two new 
levels W, and W, result as shown in Fig. 2. Their wave 
functions ¥’s can be represented as follows: 


V=agstb¢s, (1) 


where gg and gg are wave functions for levels H, 
and Vg, respectively. The former is equal to ¢; in 
Sklar’s paper‘ and the latter was obtained by applying 
LCAO method to each substituent group. By the aid of 
the variation method, energy levels can be evaluated 
easily as follows :'® 


Wn=3( Het Vs—{(Ha—Vs)*+4c07c.°6"}*] 
W.=3 Ast Vst{ (Aa—Vs)?+4c,7c.76"}*], 


where c, and c,!” are coefficients of 7 atomic orbitals x, 
and x, in molecular orbitals gg and ¢s, respectively, 
and £ is the exchange integral between the above two 
atomic orbitals, provided that x, and x, belong to 
atoms 6 and s, by the linkage between which the sub- 
stituent is attached to the benzene ring. If the exchange 
integral 6 is estimated as — 3.00 ev, the numerical values 
of W, and W, can be obtained for nitrobenzene, benzal- 
dehyde, acetophenone, and benzoic acid. These results 
are given in Table I, together with values of coefficients 
a, b, and ¢;. 

In the ground state, the level W, is occupied by two 
electrons, so that 7 electron densities can be determined 
for several meta-directing molecules as shown in Fig. 3. 
Similar calculations can also be made for ortho-, para- 
directing molecules by considering the interaction be- 
tween levels Hg and Vz. The results are given in 
Table I and Fig. 3. 

It can be seen from Table I and Fig. 3 that x electrons 
migrate from the benzene ring to the substituent in the 
meta-directing molecule while in the ortho-, para- 
directing molecule, they flow in the reverse direction. 
Therefore, it may be said that the direction of the elec- 
tron migration should be determined to a first approxi- 
mation by the relative height of the highest occupied 


(2) 


TABLE I. Energy levels, coefficients a*, b*, and c, for 
some monosubstituted benzene molecules. 








Acetophenone Benzaldehyde 


—9.82 —9.84 
W. (ev) —6.33 —5.16 —5.31 
dn 0.912 0.936 0.931 
bn 0.388 0.343 0.365 
Cs 0.71 0.89 0.89 


Nitrobenzene 


W, (ev) —9.76 





Benzoic acid Phenol Aniline 


W,, (ev) —9.56 — 11.34 —9.74 
W. (ev) —4.35 —3.35 —3.41 
an 0.968 0.975 0.974 
bn 0.249 0.221 0.227 
Cs 0.73 1.00 0.806 











* These values are referred to the normal state. 


16 In this calculation, the overlap integral between yg and ¢s 
is neglected. Further, it is approximated that {'gsH gpd and 
JS ¢sH gsdr are equal to Hz and Vs, respectively. 

17 ¢y is equal to (1/3). 
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and the lowest vacant orbitals of benzene and the sub- 
stituent group. In this respect, the following point 
should be taken into consideration; viz., in styrene the 
difference between Vz and Hs is almost equal to that 
between Vs and Hz (see Fig. 1). Therefore, one may 
expect it to be difficult to determine whether styrene is 
ortho-, para-directing or meta-directing. This surmise 
can probably be linked with the fact that its dipole 
moment is small.!8 


IONIZATION POTENTIALS OF SOME 
MONOSUBSTITUTED BENZENE 
MOLECULES 


The experimental value of ionization potentials of 
some monosubstituted benzenes obtained by Morrison? 
are given in Table II. By a study of this table, it can 
be seen that ionization potentials of nitrobenzene, 
benzaldehyde, and acetophenone are larger than that of 
benzene, while the opposite tendency is observed with 
ortho-, para-directing monosubstituted benzenes such 
as phenol, toluene, and chlorobenzene, i.e., that the 
highest occupied level of the benzene ring (Hs) lowers 
in the case of the meta-directing monosubstituted ben- 
zene molecule, while it rises in the case of the ortho-, 
para-directing one. In order to explain this notable 
property, the two following reasons should be taken 
into consideration.’® One of them is that interactions of 
the level Hz of benzene with those of the substituent 
may result in bonding or antibonding tendencies and 
it may become low or high (see Fig. 2). Another reason 
is that changes in the force field due to the electron 
migration, including the accumulation of net positive 
or negative charges on the benzene ring, may cause 
deviations of ionization potentials of monosubstituted 
benzene molecules from that of benzene. Here the first 
reason only will be treated in more detail.” 

As apparently seen from Fig. 1, in the case of the 
ortho-, para-directing molecules the interaction between 
levels Hs and Hz probably will be predominant as 


TABLE ITI. Values of ionization potentials for some 
monosubstituted benzene molecules. 








Chloro- Bromo- 
Substance Benzene Phenol benzene benzene 
Tp (ev) 9.52 9.03 9.42 9.41 
Substance Benzaldehyde Acetophenone Nitrobenzene 
Tp (ev) 9.82 9.77 10.15 
Substance Iodobenzene Styrene Toluene 
Ty (ev) 9.10 8.86 9.23 








8 This problem las been investigated by Mr. Nukasawa from 
the same point of view. Busseiron Kenkyu, July (1952) (in 
Japanese) ; J. Phys. Soc. Japan 8, 132 (1953). 

*R. S. Mulliken, J. Chem. Phys. 3, 514 (1935). 

* In this respect, it is to be noticed that the ionization potential 
of styrene, in which the effective electron migration seems to be 
negligible, is very much smaller than that of benzene. This fact 
seems to show that the second reason is not important, at least 
not in the case of styrene. 
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H 'S* = 1.08 
No wal a Pak 
0.62 1.15 1,90 9) 90 
0.92 0.89 1.03 1.03 
0.98 0.98 0.97 0.97 1.01 1.01 1.01 1.0) 
0.98 0.98 0,97 0.97 1.01 1011.01 1.01 


0.92 0. 89 1.03 1.03 


Fic. 3. Charge densities of some monosubstituted benzenes. 


compared with those between the level Hz and the 
other levels belonging to the substituent. As the result 
of this interaction, the level Hz, which is certainly 
higher than Hg,”! may rise, and it may be expected that 
the ionization potential of an ortho-, para-directing 
molecule becomes smaller than that of benzene. The 
same conclusion can be obtained with styrene, in which 
the level Hs probably lies just below Hz. 

On the other hand, in the case of the meta-directing 
molecule the level Hz may be lowered by the interac- 
tion with the level Vs of the substituent as shown in 
Fig. 2.” This stabilization energy (AZ) can easily be 
given by the following equation, 


AE=H;—W,=3(Hs—Vs , 
+{(Hs—Vs)*+4cr7c.76"}*]. (3) 


Unfortunately, this quantity AZ cannot be compared 
immediately with the increment of the ionization poten- 
tial. As is well known, the highest occupied level of 
benzene is doubly degenerate and only one of them can 
interact with the level Vs. The other level cannot be 
altered by the substituent group; i.e., the doubly 
degenerate level splits into two levels. The energy differ- 
ence between them, which is equal to AZ, will probably 
be too small to detect them distinctly by the use of the 
electron impact method. Therefore, it seems probable 
that the observed ionization potential is equal to the 
average value of them. Thus, to a first approximation, 
AE may be regarded as the difference in the ionization 
potential between benzene and the meta-directing mole- 
cule. The calculated values of }AE for some mono- 
substituted benzene molecules are shown in Table III 
together with corresponding observed values. The 
agreement between theoretical and observed values 
given in Table III may be satisfactory in view of un- 
certainties in the theoretical treatment. 


NEAR*ULTRAVIOLET ABSORPTIOI SPECTRA OF 
MONOSUBSTITUTED BENZENES 


It is seen from Fig. 4 that meta-directing monosub- 
stituted benzene molecules exhibit two absorption 
bands in the wavelength region from 2200A to 3000A. 
It seems certain that the longer wavelength one, which 
appears at 2600~2900A, corresponds to the benzene 
2600A band. Another band, which appears at 2300 


21 The comparison must be made with the ionization potential 
values obtained by the same method, because the value obtained 
by the electron impact method is usually larger than that ob- 
tained by the far ultraviolet absorption spectrum. 

# Although the level Hs of the meta-directing substituent lies 
near the level Hz, they cannot interact, because the orbital] corre- 
sponding to the level Hs does not possess x-character. 
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Fic. 4. Near ultraviolet absorption spectra of some mono- 
substituted benzenes (solvents; iso-octane or m-heptane). 


1. Nitrobenzene, API (Am. Petroleum Inst. Catalog of Ultra- 
violet Spectrograms), p. 105. 

2. Acetophenone, observed by the authors. 

3. Benzoic acid, API (Am. Petroleum Inst. Catalog of Ultra- 
violet Spectrograms), p. 354. 


~2600A, is very much stronger than the longer wave- 
length one, and its origin is not yet determined con- 
clusively, although the possibility was suggested by 
Walsh* that the 2350A band of benzaldehyde may 
correspond to the benzene 1980A band. It may be 
especially difficult to interpret the 2600A band of 
nitrobenzene from the same point of view, because it is 
unusual to expect such a large shift of the wavelength 
as is observed in this case. Therefore, in this paper we 
will try to interpret the band from a different aspect, 
viz., to show that it may be regarded as due to the 
transition between levels W,, and W, which occur by 
the interaction between levels Hz and Vs as shown in 
Fig. 2. 

Energy differences between levels W, and W, can 
easily be obtained by the use of Eq. (2) for meta-direct- 
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Fic. 5. Near ultraviolet absorption spectra of some mono- 
substituted benzenes (solvents; isooctane or n-heptane). 


. Aniline (Am. Petroleum Inst. Catalog of Ultraviolet Spectro- 
grams), p. 106. 

. Phenol (Am. Petroleum Inst. Catalog of Ultraviolet Spectro- 

grams), p. 99. 

Chlorobenzene (Am. Petroleum Inst. Catalog of Ultraviolet 

Spectrograms), p. 300. 

. Bromobenzene (Am. Petroleum Inst. Catalog of Ultraviolet 

Spectrograms), p. 304. 

. Iodobenzene (Am. Petroleum Inst. Catalog of Ultraviolet 

Spectrograms), p. 308. 

. Thiophenol (Am. Petroleum Inst. Catalog of Ultraviolet 
Spectrograms), p. 427. 


2A. D. Walsh, Trans. Faraday Soc. 42, 62 (1946). 
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TABLE III. Values of AZ for some monosubstituted 
benzene molecules. 








Benzaldehyde Acetophenone Nitrobenzene 


Difference of Jp between 0.30 0.25 0.63 
benzene and monosubsti- 


tuted benzenes (ev) 
3AE (ev) 0.30 0.29 0.26 











ing monosubstituted benzene molecules. Their values 
are shown in Table IV together with those of the oscil- 
lator strength f, which can be calculated by the following 
equation: 


9 


“ 


f= (4.704 10-?o( ¢ f vurVadr) - 4) 


In this table, the observed values of these two quanti- 
ties are also given for the purpose of comparison. Al- 
though the present theoretical treatment is too simple 
to expect a satisfactory accordance between observed 
and calculated values, it is seen from the table that the 
wavelength and the intensity of the band can be ex- 
plained semiquantitatively on the basis of the view that 
it occurs by a transition between levels W, and W,. At 
least, it may be said that the present theoretical treat- 
ment, in spite of its simplicity, can explain qualitatively 
the experimental results obtained until now.” 


TABLE IV. Calculated and observed values of the wavelength and 
the oscillator strength for the transition W,—-W.. 











Benzal- Aceto- Benzoic Nitro- 

dehyde phenone acid benzene 
hv (obs) (ev) 5.14 §.21 5.38 4.70 
hv (calc) (ev) 4.54 4.66 5.22 4.02 
f (obs) 0.27 0.26 0.31 0.21 
F (calc) 0.44 0.40 0.37 0.54 








According to the mechanism mentioned in the fore- 
going, the light absorption causes the electron removal 
from benzene to the substituent for the meta-directing 
monosubstituted benzene molecule. Therefore, it is 
similar in the nature to the charge transfer absorption 
presented by Mulliken” and it may be regarded as the 
intramolecular charge transfer absorption.”® 
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It may be possible to interpret the absorption bands in the 
2300A region observed with aniline, thiophenol, and iodobenzene 
from the same point of view (see Fig. 5). 

25 R. S. Mulliken, J. Am. Chem. Soc. 74, 811 (1952). ; 

26 McConnell et al. pointed out that the 2600A band of nitro- 
benzene may be the intramolecular charge transfer spectrum. 
See McConnell, Ham, and Platt, J. Chem. Phys. 21, 66 (1953). 

























TH 


I 


volu 
one 
disp 
use 
cons 
step 
tion 
steps 
rand 
size « 
form 
Wi 
for fi 
R wh 
is at 
the r 
can ¢ 
point 


HKU 


Co: 
first s 
Let J 
that : 
aroun 
ends « 


is the 
when 


Th 
ment o 

1 Her 
(1952). 
assump 
214 (1° 
the exc 
mitted 
and H. 
differs | 
leading 
as that 
hote ar 








1es 
‘il- 
ng 


(4) 


iti- 
Al- 
ple 
ved 
the 
ex- 
hat 
At 
at- 
ely 


Pro- 
4 ge- 
awa 


n the 
nzene 


nitro- 
trum. 
53). 















THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 22, NUMBER 2 


Critique of a Method of Treating the Effect of Excluded Volume in Polymer Chains* 


ROBERT J. RUBIN 








FEBRUARY, 1954 





Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Maryland 


(Received September 18, 1953) 


The nature of an implicit assumption in a recent Fokker-Planck treatment of the excluded volume 


problem is indicated. This assumption makes the results of the treatment conditional. It is shown that if one 
can verify the assumption, one can dispense with the use of a Fokker-Planck equation. 





INTRODUCTION 


HE purpose of this note is to point out an implicit 
assumption in a recent treatment! of the excluded 
volume problem.” In addition, it will be shown that if 
one can verify the assumption made in HKU, one can 
dispense with the use of a Fokker-Planck equation and 
use the procedure of I. HKU consider a “‘molecule”’ 
consisting of a random walk of V+1 steps in which each 
step length has the same Gaussian probability distribu- 
tion function (p.d.f.). They give the p.d.f. of finding 
steps at some point R when two specified steps of the 
random walk are at the origin and at r. The calculated 
size of the “molecule” is completely determined by the 
form of this p.d.f., i.e., its dependence on N, R, and r. 
We will first obtain an exact expression for the p.d.f. 
for finding intermediate steps in a small region w around 
R when the first step is at the origin and the V+1" step 
is at Ry. Then we will obtain the analogous p.d.f. for 
the restricted problem in which no intermediate steps 
can overlap. Comparison of these two p.d.f.’s should 
point up the nature of the implicit assumption in the 
HKU calculations. 


STEP DENSITY 
(a) No Intermediate Step Interaction 


Consider a random walk of V-+-1 steps in which the 
first step is at the origin and the V+1* step is at Ry. 
Let P(Rw,R) be the probability for this random walk 
that no intermediate step lies in a spherical region w 
around R, and let Po(Rw) be the probability that the 
ends of the walk of V+1 steps are at 0 and Ry. Then 


P..(Ry,R)=[Po(Ry)— P(Ry,R)]/Po(Rv) (1) 


is the p.d.f. for steps to be in the region w around R 
when the ends are at 0 and Ry normalized to P°(Ry). 


* This work was supported by the Bureau of Ordnance, Depart- 
ment of the Navy under Contract NOrd-7386. 

‘Hermans, Klamkin, and Ullman, J. Chem. Phys. 20, 1360 
(1952). Hereafter this paper will be referred to as HKU. The same 
assumption is made in P. Debye and R. J. Rubin, Phys. Rev. 87, 
214 (1952). Note added in proof—Two additional treatments of 
the excluded volume problem appeared after this paper was sub- 
mitted for publication: F. T. Wall, J. Chem. Phys. 21, 1914 (1953) 
and H. M. James, J. Chem. Phys. 21, 1628 (1923). Wall’s work 
differs only in detail from HKU. Part of James’s work, although 
leading to different conclusions, involves the same assumption 
as that used by HKU and Wall. Thus the considerations of this 
note are pertinent to all three treatments. 

* References to papers on the excluded volume problem may be 
found in R. J. Rubin, J. Chem. Phys. 20, 1940 (1952). Hereafter 
this paper will be referred to as I. 





For a random walk in which the step lengths have 
identical Gaussian distributions, the p.d.f., P(Ry,R), is 


3 \3N/2 pm y 
P(Ry,R)= ( ) f 31-1) { TT 
oma? wi = 
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2a? 


N-1 N-1 
X I] [1—A(R:—R)] [J] dRi, (2) 
i=l i=1 
where 


3 a. 
p(R:— Ri) = (—) exp| ——(R;—R,_,)? | 


27a” 2a? 


is the p.d.f. for the distance between the 7“* and i—1* 
steps and 


4(R.-R)=| 





0, when R; is outside the region w, 


1, when R;; is inside the region w. 


In effect, the factor 
N-1 


Il {1—A(R:— R)} 

gives zero weight to those random walk configurations 
for which steps enter the spherical region w around R. If 
the dimensions of the region w are small compared to a, 
the characteristic length of a step in the walk, then the 
integrations in Eq. (2) can be performed. Operationally, 
one replaces A(R;—R) by ».6(R:—R) where », is the 
volume of the spherical region w and 6(R;—R) is the 
Dirac 6 function. The result is 


3 ; 3Ry? 
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2xNa? 2Na? 
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Each of the series in Eq. (3) can be shown to be of order 
unity. Since it was assumed that v,<a*, one can neglect 
all but the first two terms of Eq. (3). If these two terms 
are inserted in Eq. (1), the HKU density is obtained,* 


wp 3N 7 
Pa(RxR)=~~ | ——] 
i=1L27i(N—7) 
3R? 3(Ry—R)? 3Ry’ 
Xex P| —-—- + . 4) 
2a% 2a?(N-i) 2a°N 
The approximations used to obtain Eq. (4) become 
exact in the limit v,,/a*—0. It should be emphasized that 
Eq. (4) gives the probability of finding steps near R 
when the first and last steps are at 0 and Ry and the 
intermediate steps do not interact with each other. This 
density is used by HKU to calculate the mean size of a 
polymer chain (from a Fokker-Planck equation) in 
which there is an excluded volume, »,,, for every pair of 
steps in the chain, ie., the intermediate steps do 
interact. 





(b) Intermediate Step Interaction 


Consider the restricted random walk of V-++1 steps in 
which there is a region of excluded volume, w, for every 
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pair of intermediate steps. The analogous p.d.f.’s are 
denoted by primes: P’(Rw,R), Po’ (Rw), and P..’(Ry,R). 
The expression for P’(Ry,R) is 


2 
P’(Ry,R) = (—) 5. 3(W _ 1) I 


Ta 





3 N-1 
Xexp -—R-R.)| II {1—A(R:—R)} 
a i=l 
XII1-AR.-R)} IT AR, 6) 


>} 


where the additional factor Il {1—A(R;—R,)}, also 


used in I, gives zero weight to Y random walk configura- 
tions which are excluded (i.e., configurations in which 
the distance between any tae steps is less than b, the 
radius of the spherical region, w). 

Equation (5) may be expanded as before. Since we 
assume that v,<a’*, we need only retain the first two 
terms to calculate P,’(Ry,R). The expression for 
P./ (Ry,R) is 


N-1 


{|-—R,- _R, {a A(R;-R,)) TT aR, 


i=1 


, (6) 





P..' (Ry,R)=2. 





where the superscript (&) is a summation index and also 
denotes the fact that R, has been replaced by R, 
following integration with respect to R,. 


DISCUSSION 


The assumption has been made in HKU that Eggs. (4) 
and (6) are the same. In order to verify the assumption, 
one would have to make estimates of the series obtained 
upon expanding _— (R;—R,)} and integrating. 


Similar, but ennenst simpler, series were obtained in 
I. A difficulty encountered there was that one could not 
obtain the limiting value in which V—o and », was 
fixed without actually summing the series in question. 


3 Equation (4), agrees with _ (13) of HKU except for the two 
groups of — = g; and 2 Me jin HKU. These terms are ab- 


=1 j= =f 

sent in the present treatment cereuien for the sake of simplicity, 
we have considered the slightly less general problem in which the 
first and N+-1** steps are fixed instead of the problem in which the 
p* and ?** steps are fixed. The conclusions of this paper apply 
equally well to the full Eq. (13) of HKU. In any case, the two 
groups of terms do not contribute to the value of (Ry?) obtained 
by HKU. 

t Note added in proof.—This general difficulty is a manifesta- 
tion of the theorem that in the limit of N— ©, the allowed paths 
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*rTT{1—AR; -R)) TL dR; 
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The same difficulty is encountered in estimating Eq. (6). 
Therefore, one should preface the result of HKU with 
the remark that the unverified assumption has been 
made that P..(Rw,R) =P.’ (Rw,R). 

Thus the method of HKU does not constitute a proof 
that the mean square distance between the ends of the 
chain (Ry’) is proportional to N for N-. If (Rw’) is, 
in fact, proportional to V for N—>~, then the method of 
HKU should give an approximate value for the pro- 


portionality constant.‘ 
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form a set of measure zero in three dimensions. This Theorem (3) 
quoted in R. J. Rubin, J. Chem. Phys. 21, 2073 (1953), is due to 
Dvorotzky, Erdés, and Kakutani, Szeged Egyetem Acta Univ. 
Szegediensis Acta Scientarium Mathematicarum 12, 75 (1950). 

4 This observation was made by Dr. E. Montroll in commenting 
on the treatment of Debye and Rubin (see reference 2). 
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Kinetic theory of phase transitions in which embryos of the new phase may grow or diminish by the 
acquisition or loss of monomer and dimer is presented. The error committed in neglecting the latter is 
shown to be negligible except in systems in which a large fraction of the old phase is present in the form 
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I. INTRODUCTION 


HE work of Volmer,! Becker and Doring,? Zel- 
dovich,*? and Frenkel* has led to an over-all 
satisfactory kinetic treatment of phase transitions in 
the steady state in one-component systems.® Reiss® has 
extended this theory to transitions in binary systems. 
A common assumption in these investigations is that, 
in view of the relatively low probability of a collision 
between two embryos of the newly formed phase, it can 
be assumed that embryos grow or diminish by the 
acquisition or loss of single molecules of the metastable 
or old phase.”:* If A, denotes an embryo composed of x 
single molecules of the old phase (xmer), then the 
fundamental reaction is 
a(x—1) 
AzitA Genego z) 


ta) 
BG) si 






where a(x—1) is the probability per unit time of forming 
an xmer from a (x—1)mer and 8(x) is the probability 
per unit time of the decay of a xmer to a (x—1)mer 
and monomer. The purpose of this paper is to investi- 
gate the effect of considering reactions involving the 
addition or loss of dimer molecules, i.e., 










§(x—2) 
A,z»2tAe pecs 
n(x) 





(1b) 






This investigation gives us an estimate of the validity 
of the assumption embodied in Eq. (1a). In particular 
reaction (1b) gains in importance when there exists a 
strong tendency for the old phase to dimerize, so that at 
equilibrium a definite fraction k of the total molecules 
is present in the form of dimer. Such would be the case 
in considering the behavior of NOz—N.O,. Possibly, 












*This research was supported by the U. S. Air Force under 
Contract AF 18 (600)-459 monitored by the Office of Scientific 
Research, Hq. Air Research and Development Command, Post 
Office Box 1395, Baltimore, Maryland. 

'M. Volmer, Kinetik der Phasenbildung (Edwards Bros., Inc., 
Ann Arbor, 1945). 

?R. Becker and W. Déring, Ann. Physik 24, 719 (1935). 
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the method used in this paper could be extended to the 
description of the nucleation of sulfur vapor. Without 
committing a serious error we can take for the steady- 
state concentrations of dimer and monomer their equi- 
librium values N2 and Nj, respectively. More generally, 
if reactions of type 


A,+A, Any; x,y>2 (1c) 


are considered, then the concentration of dimer will no 
longer be given by its equilibrium value; the kinetic 
equations of the phase transition become nonlinear. 
Since the concentration of dimer is considerably greater 
than trimer, tetramer, etc., we will be justified in 
neglecting reactions (1c). Work is in progress on the 
small perturbing influence on the phase transition when 
these reactions are not neglected. Formally the theory 
which will be developed applies to vapor-liquid transi- 
tions, but it may be extended to other phase changes by 
use of the methods of Kaischew and Stranski,’ Becker 
and Déring,’ Frenkel,’ and Reiss.*.® 


II. KINETICS INVOLVING DIMER REACTIONS 


If f(~) is the steady-state concentration of xmer, then 
the constant steady-state flow of embryos of any size J 
satisfies 


J=a(x—1)f(x—1)—B(x) f(x) 
—n(x)f(x)+$(x—2)f(x—2), (2) 


where the constant concentrations of monomer and 
dimer are included in a@ and §, respectively. If “equi- 
librium,” characterized by the vanishing of J, could be 
attained, the conditions imposed by detailed balancing? 
are, if N(x) is the known? equilibrium concentration 
of «mer, 

B(x)=a(x—1)N(x—1)/N (a), (3a) 

n(x)=$(x—2)N (x—2)/N (x), (3b) 


by virtue of Eqs. (1a) and (ib). The fact that this state 
does not occur, does not detract from the validity of 
Eqs. (3a) and (3b). Dividing both sides of Eq. (2) by 


71. N. Stranski and R. Kaischew, Z. physik. Chem. B26, 317 
(1934) ; Physik. Z. 36, 393 (1935). 

8 J. Frenkel, J. Phys. U.S.S.R. 1, 315 (1939). 

°H. Reiss, J. Chem. Phys. 18, 996 (1950). 
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N(x) and setting F (x)= f(x)/N (x), we obtain 
J/N (x) =B(x)LF (x—1)—F (x) ] 
+(x)LF (x—2)—F(x—1)] 
= 8(x)LF (x—1)—F(x) ] 
+n(x)LF(#—1)—-F(x)] 
+n(x)[F(x—2)—F(x—1) ] 
= §(x)[F (x—1)—F (x) ] 
+n(x)[F(x—2)—F(@—1)] (4) 
with &(«)=6(«)+7n(x). Equation (4) has to be solved 


for F(x) under the boundary conditions that F(«)—0 as 
x—o and F(1)=F(2)=1. The substitution of 


G(x)=F (x—1)—F(x), 


G(2)=0 (5a) 
into Eq. (4) reduces it to the linear first-order difference 
equation 

J/N (x)= &(x)G(a)-+n(x)G(a—1). (5b) 


Equations (5a) and (Sb) are solved by iteration and 
give, respectively, 


z 





F(x)=1—-> G(s)= 1-L G(s) (6a) 
and 
Gla) =F/8(2)N (| 1—(2)/€(0 
+n(«)n(x—1)/E(x)E(x— 1) 
n(x): -(4) 
en: +(-—1)* samen - —— 
E(x)-- + &(4) 
=J/é(x)N(«)[1—K(x)], x23, (6b) 
G(2)=0 
Ts (x)n(x—1)- +6 
z—4 x x= cee x—y) 
K(@)=5 (-1)—_—_—___—. 
y=0 E(x)E(x—1)-- -E(a—y) 


Substituting Eq. (6b) into (6a) and allowing x to 
approach infinity, we find, since F(«)—0 as x>~, 


=i /E sete (7a) 
= —_——_, 7 
= £(s).N(s) » 
and 
z 1—K(s) 
hii-i<fS ——_ (7b) 


3 £(s).NV(s) 
When the restriction on the dimer concentration is 
lifted and is allowed to vanish, then J goes over 
smoothly into the flow of embryos Jg.p. found by 
Becker and Déring? who neglected dimer reactions, 


20 1 
J3.p.= —_———_. 7 
not / = BONG) a 


L. FRISCH:-AND C. 











WILLIS 





The “equilibrium” concentration appearing in Eqs. (7) 
is given by the “Boltzmann distribution” 


N(x)=N exp[—A®(x)/kT], x>2, 


where JV is the total number of polymers present at 
“equilibrium” (~ NV), and A®(x) is the reversible work 
which must be expanded to form an «mer in the old 
phase. The rate constant 8(x) is, at least for spherical 
embryos, given to a first approximation by the Hertz- 
Knudsen relation and Eq. (3a), 





(8a) 













' dA®(x) 
B(x) +N pi(2eRTM)-3S, exp| — ; / i} (8b) 
x 





where Xt is Avogadro’s number, M the molecular weight 
of the monomer, .S; the surface area of a monomer, and 
pi the partial pressure of monomer. The pressure 
pi=pN,/N is generally taken to be the pressure p of 
the system. If B(x) is given by Eq. (8b) then to be 
consistent y(x) must satisfy to a first approximation 













dA®(x) 
n(x) = N- po(4aRTM)-“S» exn| —2 / |, (8c) 


dx 





where oe ne 
po= pN2o/N = pN2/N1. 


III. DISCUSSION AND CONCLUSION 





The exact expressions Eqs. (7) are extremely un- 
wieldy to use because the indicated summations are 
laborious. If the critical embryo size x=.%*, i.e., when 
dA(x)/dx=0, is sufficiently large then these summa- 
tions may be replaced by integrations and these in 
turn approximately evaluated by the method of steepest 
descent.*:> For our purposes a sufficient approximation 
is given by the asymptotic estimate of Eqs. (7a) 
and (7c), 


IT E(x*)N (a*)/L1— K (x*) ]= E(0*)N (x*) 









(9a) 





and 







Jap. 7 B(x*)N (x*). (9b) 
Substituting Eqs. (8) into (9), we find for J 

J =JI3.v.§(%*)/B(«*)=Ja.v.(1+2“By), 
where By, is the surface fraction of dimer to monomer, 


By2=S2N2/S1Mi. (10b) 







(10a) 








For most systems in which the old phase is pure mono- 
mer the expression (1++-2-4B;2) can be neglected in com- 
parison with the exponential term, exp[ — A®(x*)/&T], 
in Jp.p,. If the old phase is a mixture of dimer and 
monomer present, say in the ratio k: (1—&), then By is 
proportional to k/(1—k). When k<1, the former con- 
clusion holds. An appreciable effect due to dimer Ie 
actions is found only when 1—& is very nearly equal 
to zero. 

The authors thank Professor P. G. Bergmann fot 
helpful discussions. 





















S 
r 
to stu 
(1) n 
spect 
tempe 
OH r. 
termi 
liquid 
presul 


in the 
OH w 
tests a 
some 
Hence 
detern 
sorptic 
have t 
Exp 
appare 
an elec 
throug 
nitroge 
viously 
side tu 
the tu 
absorp 
Pape 
does ni 
concluc 
thermo 
contact 
H.O is 
* This 
Researcl 
t RCA 
t Cart 
Fellow it 
10.0] 
485 (193 
2W.V 
G. I. La 
3W. I 
(1933). 


: Sand 
1158 (19 








(7) 


(8a) 
t at 
vork 
- old 
rical 
ertz- 


(8b) 


ight 
and 
ssure 
p of 
o be 
yn 


(8c) 


7 un- 
S are 
when 
mma- 
se in 
epest 
ation 

(7a) 


(9a) 


(9b) 


(10a) 
omer, 
(10b) 


mono- 
1 com- 
/kT], 
r and 
By is 
r con- 
er e- 
equal 


nn for 




















THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 22, 


Examination of Methods for Detecting OH* 








NUMBER 2 FEBRUARY, 


T. M. SANDERS, Jr.,f A. L. ScHawtow,{ G. C. Dousmanis, AND C. H. Townes 
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(Received October 15, 1953) 


The microwave spectrum of OH affords a new method of determining the abundance of OH in a low- 


pressure gas mixture. This method applied to the products of a discharge in H.O shows that certain previous 
methods for detecting the presence of OH radicals in fact are not sensitive to OH, but to some other reactive 
components of a discharge in H2O. OH radicals are obtained from a discharge in concentrations near 10 


percent and with a lifetime of approximately 3 sec. 





EVERAL methods for detecting the free hydroxyl 
radical OH have been reported in the past and used 
to study various properties of this radical. These include 
(1) measurement of intensity of the OH absorption 
spectrum in the ultraviolet region,! (2) measurement of 
temperature rise of a probe coated with KCl on which 
OH radicals are presumed to recombine,’ and (3) de- 
termination of the amount of H2O2 condensed on a 
liquid air trap from gases containing OH, with the 
presumption that the H,O2 is formed from OH. 

A prolonged search was recently made‘ for the 
microwave absorption spectrum of OH in which tests 
(2) and (3) were used to assure us of the presence of OH 
in the absorption cell. After the microwave spectrum of 
OH was finally found,* it became apparent that these 
tests are quite misleading, and probably actually detect 
some other active molecule or atom rather than OH. 
Hence some detailed comparisons between the direct 
determination of OH abundance by its microwave ab- 
sorption spectrum and detection methods (2) and (3) 
have been made. These are reported below. 

Experiments reported here were carried out in the 
apparatus shown in Fig. 1. Water vapor flowed through 
an electrodeless discharge, and the resulting gas passed 
through the microwave absorption cell to a liquid 
nitrogen trap and then to pumps. A thermometer, pre- 
viously coated with KCl, could be introduced into the 
side tube A, with the coated bulb in any position up to 
the tube B connecting the discharge tube and the 
absorption cell. 

Papers® describing test (2) give evidence that KCl 
does not catalyze the reaction H+H—>Hbp, and hence 
conclude that the observed rise in temperature of a 
thermometer (or thermocouple) coated with KCl and in 
contact with the products of an electrical discharge in 
H,0 is due to one of the reactions H+OH—-H,0 or 

*This research has been aided by the U. S. Office of Naval 
Research and Signal Corps. 

+ RCA Fellow in Physics. 

{Carbide and Carbon Chemical Corporation Postdoctoral 
Fellow in Physics. 


‘OQ. Oldenberg and F. F. Rieke, J. Chem. Phys. 6, 439 (1938) ; 7, 
485 (1939). 

?W. V. Smith, J. Chem. Phys. 11, 110 (1943); H. S. Taylor and 
G. I. Lavin, J. Am. Chem. Soc. 52, 1910 (1930). 
11935} H. Rodebush and M. H. Wahl, J. Chem. Phys. 1, 696 

* Sanders, Schawlow, Dousmanis, and Townes, Phys. Rev. 89, 
1158 (1953). 
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OH+OH—H:,0.. In either case the temperature rise 
should give an indication of the amount of OH present. 

A detector of this type was made with a thermometer 
rather than a thermocouple in order to be certain that no 
metal surfaces were present. The thermometer was 
carefully cleaned and then coated with KCl by dipping 
it into a saturated KCI solution near 100°C. After the 
thermometer was removed from the solution and the 
surface water evaporated, a powdery KCl layer adhered 
to the glass. No thermometer subjected to this treat- 
ment alone showed any observable temperature rise 
when inserted into the apparatus. Two procedures for 
“activating” the thermometers were used. Some ther- 
mometers were sealed into the side tube and were heated 
under vacuum to about 200°C by the application of a 
flame to the outside surface of the glass. After such 
treatment not more than 50 percent of the thermome- 
ters proved to be sensitive. The second procedure used 
was to heat the thermometers in air over an air-rich 
bunsen burner flame. The fraction of thermometers 
sensitized by this procedure was somewhat greater than 
one-half. Qualitative results obtained with both methods 
of sensitization were the same. If a substantial amount 
of water vapor were allowed to accumulate in the 
vacuum system, the sensitive thermometer would 
generally become deactivated. Sensitivity could some- 
times be restored by reapplication of the first activation 
procedure. Temperature rises measured on various 
thermometers varied from less than 1°C to greater than 
80°C (offscale). 

A point by point comparison of line intensity and 
thermometer temperature was made for various values 
of discharge current and pressure. Results for a fixed 
discharge current and varying pressure are shown in 
Fig. 2. Although there is presumably a maximum for J 
with increasing pressure, the particular discharge cur- 
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rent to which Fig. 2 applies was such that the pressure 
could not be increased to this maximum before the 
discharge changed character by suddenly jumping to 
the absorption cell. It is evident from Fig. 2 that the 
temperature rise decreases rather than increases with 
increasing abundance of OH radicals. It must hence be 
produced by some component of the gas other than OH. 
Under all discharge conditions used, the maximum 
temperature rise was reached at considerably higher 
excitation (lower pressure) than is the maximum in- 
tensity of the OH spectrum. 

Further tests were made to find out if OH recombines 
on the KCl surface to an appreciable extent, and 
whether our KCI surfaces catalyzed the recombination 
of H atoms. To settle the first question, the coated 
thermometer bulb was inserted into the tube B directly 
in the path of the flowing gas to see if the observed 
abundance of OH decreased appreciably. This caused no 
more of a decrease in line intensity than that produced 
by a piece of clean Pyrex or an uncoated thermometer 
placed at the same point. On the other hand, a small 
strip of copper inserted into tube B in the same way 
caused a dramatic drop-in intensity due to recombina- 
tion of OH radicals on the copper. 

Tests on the recombination of H atoms were some- 
what less conclusive, but indicated that, in accordance 
with previous reports,’ the observed temperature rises 
from a discharge in H,O were probably not due to 
recombination of hydrogen atoms. When the coated 
thermometers were exposed to a discharge in wet 
hydrogen, their temperature rises were less than one 


TABLE I. Line intensity and H2O2 concentration. 








Line intensity H2O2 conc. (A) H20O2 conc. (B) 


SANDERS, SCHAWLOW, DOUSMANIS, 





100 14.6% 23% 
2 14.4% 25% 


(A) and (B) represent data taken with different choice of discharge cur- 
rent and pressure giving the stated line intensities. In (B) the liquid nitrogen 
trap, in addition to having different geometry, was closer to the output end 
of the absorption cell than in (A). 
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quarter of those observed from a discharge in pure H,0, 
However, in these hydrogen discharges, the Balmer series 
lines were not as prominent as in the discharges in H,0. 

Method (3) for determining the abundance of free 
OH involves analyzing the condensate in the liquid air 
trap for H,O:2. It is presumed that the wall reaction 
producing the H2O:, which is known not to be present in 
quantity in the vapor,®*® is OH+OH—-H202. This 
explanation for the formation of H2O2 has been ques- 
tioned, however, by Geib.” To examine this test, the 
discharge was run continuously for periods of an hour or 
more under conditions which gave a substantial range in 
line intensity. The condensate from the trap shown in 
Fig. 1 (at the output end of the absorption cell) was 
titrated using the procedure of reference 3. The results 
of the comparison are given in Table I. It seems clear 
from this table that the H,O:2 concentration does not 
measure the concentration of OH in the vapor. 

In contrast to tests (2) and (3), test (1) is very direct, 
although it is still rather difficult to make quantitative 
measurement of absolute absorption intensity of OH 
lines in the ultraviolet region indicate abundances of 
OH radicals near 745 percent in an H,O discharge at 1.1 
mm of Hg pressure.' Line widths and absolute intensi- 
ties of microwave absorption can also be measured and 
used to determine the abundance of OH radicals. 

From such measurements, the maximum abundance 
of OH radicals obtained during the above experiments 
was found to be between 3 and 30 percent at a discharge 
pressure of about 0.2 mm of Hg. Since this value for the 
abundance depends on an estimate of the dipole mo- 
ment, this and other uncertainties prevent a more precise 
determination. The above result is not necessarily 
inconsistent with the abundance determined by ultra- 
violet absorption, since in the latter case a higher 
pressure and a pulsed dc discharge were used with 
current density considerably below that which was 
found to be optimum in the present experiments. 

The lifetime of OH radicals in the microwave ab- 
sorption cell of Fig. 1 was also determined as approxi- 
mately 4 sec in reasonable agreement with earlier 
results. Further discussion of abundance and lifetime 
measurements will be published separately. 


CONCLUSION 


Of the three previously published tests for OH which 
are discussed above, only that involving the ultraviolet 
spectrum of OH seems consistent with results from the 
microwave spectrum. Tests (2) and (3) (at least as we 
have been able to reproduce and apply them) do not 
indicate the presence of OH at all, but of some other 
radical or atom. Conclusions®* concerning kinetics and 
other properties of OH which have been made with the 
use of these indirect tests (2) and (3) should be re- 
examined. 

.. W. Campbell and W. H. Rodebush, J. Chem. Phys. 4, 293 
é' $ e A. Frost and O. Oldenberg, J. Chem. Phys. 4, 642 (1936). 


7K. H. Geib, J. Chem. Phys. 4, 391 (1936). 
8 Q. Oldenberg, J. Chem. Phys. 3, 266 (1935). 
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A Rectilinear Diameter Law of Mole Fractions for Binary Liquid-Vapor Coexistence 
Regions near the Critical Locus* 
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(Received September 2, 1953) 


It has been found that in the neighborhood of the critical locus of many nonazeotropic binary, liquid-vapor 
systems at equilibrium, the sum of the mole fractions in the two phases of each of the two components 
(C,C’) may with reasonable precision be represented by the relationship 


Xy+-X1=2—(X.'+X7') =a logP/Py’; 
in which X,and X; are the mole fractions of the more volatile component (C) in vapor and liquid, respectively, 
which are in equilibrium at total pressure P at constant temperature, Po’ is the vapor pressure of the less 


volatile component C’, and ais a constant for each isotherm. Between the critical temperatures of the two 
components a shows greater temperature dependence as the lower critical temperature is approached. 





HE usual P—~x isotherm representing the coex- 
istence surface of a binary gas-liquid system at 
equilibrium are closed curves of rather variable appear- 
ance. We have noted, however, for a number of systems 
that the sum of the mole fractions of a component in 
each phase is a linear function of the logarithm of the 
total pressure of the equilibrium system at constant 
temperature. Thus if X, and X, are the mole fractions 
of the component C of lower critical temperature in the 
vapor and liquid phases, respectively, and X,’ and X/ 
are the corresponding mole fractions of the less volatile 
component C’, then 


P 
Xi+X1=2— (X,'+X7)=a ne (1) 


0 


where a is a constant for a given isotherm, P is the total 
pressure, and P,’ is the vapor pressure of the pure 
component C’ at that temperature. Quite obviously, 
Eq. (1) cannot be expected to hold for azeotropic 
systems. 

When the data for a series of isotherms are plotted 
according to Eq. (1) it is found that the relation holds to 
within a few percent over most of the critical range of 
the binary system ; that is, between the critical tempera- 
tures of the two components. In Figs. 1A and 2 are 
shown some typical isotherms for which Eq. (1) holds. 
Table I lists the values of a calculated from the iso- 
therms of these and other systems. Except where 
annotation indicates otherwise, a has been obtained 
from the best straight line through all the points of a 
particular isotherm from the pure component axis 
(C’) to the critical locus. The column headed by 
100AP/P gives the maximum deviation observed from 
the best rectilinear plot. It should be noted that, for 
those systems for which a point on the critical locus was 


*This work was'supported by the U. S. Office of Naval Re- 
search under Contract No. N6-onr-23811 with the University of 
Southern California. 

t Post-Doctorate Research Associate at the University of 
Southern California. 


available, the deviation of this point was in general not 
the maximum deviation. Cases where the deviation is 
systematic; that is, where the isotherm is visibly curved, 
are indicated by the letter (B) in the table. 
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®» E, Cardoso, Arch. Sci. Phys. Nat. 39, 400 (1915). 

© W. E. Vaughan and N. R. Graves, Ind. Eng. Chem. 32, 1252 (1940). 

P Gornowski, Amick, and Hixson, Ind. Eng. Chem. 39, 1348 (1947). 

a Beattie, Sunard, and Su, J. Am. Chem. Soc. 61, 24, (1939). 

' E. Cardoso and R. Bell, J. Chim. Phys. 10, 497 (1902). 

* Calculated for points above 35 atmospheres below which there is a sharp breakdown. 

t Calculated from points above 30 atmospheres. 
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If a of Eq. (1) is independent of temperature, then 
the temperature variation of Eq. (1) is accounted for by 
the term Po’. For example, for the system carbon dioxide- 
propylene, between 40 and 70°C, a is virtually constant 
(Table I). In this range, logP ’ for propylene is a rea- 
sonably linear function of 1/T(°K~) and so too is 
X,+-X, at various constant pressures. When a is not 
independent of temperature, both a and P»’ will con- 
tribute to the temperature variation of X,+X, at 
constant pressure and no simple rule would be expected. 
However, X,+X, for the systems propane-isopentane, 
ethane-propylene, and m-hexane-toluene is a linear 
function of temperature at a number of different 
pressures. This is shown in Fig. 1B for the system 
propane-isopentane. 

Below both critical temperatures of the components, 
if Eq. (1) applies, a would not be expected to be inde- 
pendent of temperature, for if it were, this would require 
the ratio of the vapor pressures of the two components 
to be independent of temperature. Equation (1) holds 
very well for the system oxygen-nitrogen below the 
critical temperature of nitrogen, and a shows a marked 
variation with temperature (Table I). 

An interesting system to which Eq. (1) appears to be 
applicable, in the form that X,’+X/' is a linear function 
of logP, is the system NaCl-H,O above the critical 
temperature of water. Using the data of Olander and 
Leander! at 380, 390, and 410°C, we find that X,’+X/ 
is a linear function of logP from near the critical point 
of the solution to a mole fraction of NaCl in the liquid 
phase of 0.0932 (25 percent by weight NaCl), the limit 
of the data. The values of a vary from 0.99 at 380° to 
0.86 at 410°C. Points corresponding to pressures near 
the critical pressure of the solution are above the 380° 
isotherm, above but close to the 390° isotherm, and 

1A. Olander and H. Leander, Acta Chem. Scand. 4, 1437 


(1950). See also Copeland, Silverman, and Benson, J. Chem. 
Phys. 21, 12 (1953). 


A — Isothermo!l dato 


P atmospheres 


pressure: 


Pd 
propylene , 10 64 corbon dioxide 
A. i i 


\+% 


Fic. 2. Logarithmic plot of P against Xy+ Xz for the 
system: propylene-carbon dioxide. 
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below the 410° isotherm. Because of the great disparity 
in mole fractions of NaCl in the liquid and vapor phases 
at pressures much below the critical pressure of the 
solution, Eq. (1) is for all practical purposes the equa- 
tion for the vapor pressure of the liquid solution at 
constant temperature. If we take the mole fraction of 
NaCl to be 0.206? in saturated liquid solution at 390°C, 
Eq. (1) predicts a vapor pressure of 155 atmos. The 
vapor pressure data of Keevil? give 150 atmos and 
Olander and Leander' report 163.6 atmos. 

A system to which Eq. (1) is not applicable is the 
system hydrogen-propane.* This system appears to be 
unusual in that the critical pressures of mixtures can be 
of a different order of magnitude than the critical 
pressures of the components. 


2 Interpolated from the data of N. B. Keevil, J. Am. Chem. Soc. 
64, 841 (1942). 

3 Burriss, Hsu, Reamer, and Sage, Ind. Eng. Chem. 45, 210 
(1953). 
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It is proposed that the luminescent center in “self-activated” ZnS consists of a cation vacancy whose 
nearest surroundings have lost one electron. Such a center is consistent with the fact that at low firing 


temperatures, the appearance of the blue fluorescence of self-activated ZnS depends upon the presence of 
“promoter ions” (monovalent anions or trivalent cations) whereas, if the firing temperature be sufficiently 
high, some blue fluorescence is obtained without the presence of such promoter ions. The luminescence of 
reduced ZnS, CdS, and ZnO is also discussed, and is attributed to anion vacancies that have trapped one 


electron. 











HE origin of the blue fluorescence of so-called 

“self-activated” ZnS has been the subject of 
many speculations. According to Schleede! it might lie 
in the simultaneous presence of the wurtzite and 
sphalerite structures. After later investigations had 
shown that this assumption was untenable, a com- 
parison of ZnS with ZnO led to the assumption that the 
blue band of ZnS is due to an excess of zinc, the center 
being formed either by the zinc atoms placed inter- 
stitially? or by the sulfur vacancies arising from the in- 
corporation of the extra zinc atoms at normal lattice 
sites.’ 

This assumption in turn was abandoned when it was 
observed that the appearance of the particular fluores- 
cence depended on the presence of certain foreign ions 
like Al*+, Ga+, Cl-, Br-, and I- (hereafter called 
“promoting ions”) rather than on the reducing power 
of the atmosphere.*~* Starting from the knowledge 
gained in the conductivity field (controlled valency, 
Verwey ef al.”) it was assumed that the centers consist 
of Znt ions formed according to the principle of charge 
compensation in a concentration equal to that of the 
promoting ions. It has been shown® that although the 
promoting ions aid in forming the centers, they do not 
actually belong to the centers. Such centers must then 
consist of Zn* ions present at sites far from their 
promoters. Under these conditions, however, Zn* repre- 
sents a free electron. Now there are several reasons why 
free electrons cannot consitute the centers under con- 
sideration. In the first place if this were so, all free 
electrons should have the same effect, independent of 
the way in which they have been created; accordingly, 
each crystal of ZnS, irradiated sufficiently strongly in 
the fundamental absorption band, should become 


1A. Schleede, Angew. Chem. 48, 277 (1935). 

2 A. Schleede, Angew. Chem. 50, 908 (1937). F. Seitz, Trans. 
Faraday Soc. 35, 74 (1939). J. Chem. Phys. 6, 454 (1938). J. T. 
Randall, Trans. Faraday Soc. 35, 8 (1939). 

$j. ‘ Randall and M. H. F. Wilkins, Repts. Prog. Phys. 6, 176 
(1939). 

4F, A. Kréger and J. E. Hellingman, J. Electrochem. Soc. 93, 
156 (1948). J. Electrochem. Soc. 95, 68 (1949). 

5 F. A. Kréger and J. A. M. Dikhoff, Physica 16, 297 (1950). 

6 N. Riehl and H. Ortmann, Doklady Akad. Nauk S. S. S. R. 
66, 613 (1949). 

7Verwey, Haaijman, Romeijn, and van Oosterhout, Chem. 
Weekblad 44, 705 (1946). Philips Research Repts. 5, 173 (1950). 
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fluorescent in the blue because of the free electrons 
made in this way. In the second place, the fluorescence 
should disappear when free electrons originally present 
are trapped in some way or another, e.g., upon cooling 
to a sufficiently low temperature. Finally, products 
with blue fluorescence should show an appreciable 
electronic dark conductivity. None of these effects has, 
however, been observed. Therefore, this assumption, 
too, has to be discarded. 

Bube® has shown recently that although the presence 
of promoting ions (monovalent anions and trivalent 
cations) is favorable for the appearance of the blue 
fluorescence, it is not indispensable; some blue fluores- 
cence appears without them, provided the ZnS has 
been fired at a sufficiently high temperature. This has 
led Bube to the new assumption that the blue centers 
are due to cation vacancies, formed in chemical equilib- 
rium at very high temperatures, the effect of the foreign 
promoting ions at lower temperatures consisting either 
in charge compensation or in specific chemical actions. 

As shall be shown presently it is possible to define 
more precisely the model proposed by Bube, and thus 
to explain the high-temperature effects observed by 
Bube as well as the favorable effect of promoters, if it is 
assumed that the centers responsible for the blue fluores- 
cence are cation vacancies that have lost one electron 
from their nearest surroundings (Vc*). In the first 
place, Vct is a configuration carrying an effective 
charge —|e|, and therefore will perturb neighboring 
sulfur ions in a way very similar to that of monovalent 
cations like silver. Accordingly, just as has been as- 
sumed for such ions (Klasens,® Leverenz”), it will cause 
local sulfur levels S?-(V c+) a little above the full S* 
band. Optical transitions between these local levels and 
the conduction band (or some excited level close to 
this band) correspond to the absorption and lumines- 
cence bands observed with “self-activated’ ZnS,‘* 


8R. H. Bube, Phys. Rev. 80, 655 (1950); J. Chem. Phys. 20, 
708 (1952). R. H. Bube and S. Larach, J. Chem. Phys. 21, 5 
(1953). 

9H. A. Klasens, J. Electrochem. Soc. 100, 72 (1953); See also 
reference 5. 

10 H, W. Leverenz, Introduction to Luminescence of Solids (John 
Wiley and Sons Inc., New York, 1950), p. 197. 

* The fact that Bube, Phys. Rev. 90, 70 (1953), did not observe 
an absorption band connected with the centers of self-activation 
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Fic. 1. Atomic picture of the centers in blue fluorescent ZnS 
a:ZnS—Ag*; 6:ZnS—V,*. 
The arrows indicate electronic transitions upon excitation. The 


dashed circle in b indicates the smearing-out of the missing nega- 
tive charge over the four equivalent adjacent sulfur ions. 


similarly as has been found with ZnS—Ag. Figure 1 
shows a schematic drawing of the Vc* center and the 
Ag* center for comparison, clearly revealing the simi- 
larity between the two types of centers. In the second 
place, equivalence between the concentration of centers 
and that of promoting foreign ions as observed by 
Kréger and Hellingman‘ and Kréger and Dikhoff® is 
explained on the basis of the principle of compensation 
of charge (as was done for Zn* in a similar way).f A 
theory" deduced for CdS, but describing in principle 
the incorporation of ions of a valency deviating from 
that of the constituents of the base lattice in general, 
shows that the compensation of charge is effected in 
different ways, dependent upon the atmospheric condi- 
tions. Under reducing conditions, for instance, Cl~ is 


is due to the fact that the concentration of these centers is ex- 
tremely low for the method of preparation used by this author. 

t Although Bube (reference 8) observed the favorable effect of 
Promoters, equivalence between the promoter (chlorine ions) 
content and the concentration of centers was not observed by 
him. It remains to be seen whether this was due to occluded 
ZnCly or to the incorporation or chlorine ions in some other way 
hot considered by us, such as, for instance, an associated complex 
of two Cl- ions and one zinc vacancy (=ZnCle molecule). 

" Kréger, Vink, and van den Boomgaard, “Controlled Con- 
ductivity in CdS,” Z. physik. Chem. (to be published). 
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incorporated in CdS with the formation of Cd* ions; 
under oxidizing (=sulfurizing) conditions, on the other 
hand, electroneutrality is maintained by the formation 
of an equal concentration of Vct, and the same must be 
expected to occur with ZnS. The formation of V¢* cen- 
ters in the absence of promoting foreign ions is also 
possible provided the Schottky constant of ionic dis- 
order is sufficiently great; this will be the case at high 
temperatures as has actually been observed by Bube. 

It will be obvious that equivalence between the con- 
centrations of centers and of promoting ions holds only 
when the concentrations of promoters is considerably 
higher than that of Vc+ centers which may be formed 
by the Schottky disorder in pure ZnS under the same 
conditions. 

For the model of the blue centers now proposed, the 
centers and herewith both the fluorescence and the ab- 
sorption caused by them must be expected to disappear 
upon reduction, contrary to what usually has been 
assumed. So far, this has not been verified with ZnS. 
It has been observed, however, for the corresponding 
case of CdS, in which a deep red fluorescence and an 
absorption in the yellow part of the spectrum caused 
by incorporation of gallium or chlorine was found to 
appear only after preparation in a sufficiently sulfur- 
izing atmosphere." 

On the other hand, ZnS has been found to develop 
a green fluorescence band when prepared under strongly 
reducing conditions (zinc vapor).” It is likely that 
this band is identical in origin with that observed with 
reduced ZnO,“ both being due to an amount of zinc 
present in excess above the stoichiometric composition.{ 
The excess of zinc may be incorporated either in the 
interlattice (Zn;,) or at normal lattice sites with the 
formation of an equivalent amount of anion vacancies 
(V4). In both cases, the deviation from stoichiometry 
causes the formation of a center containing primarily 
two electrons; viz., Zn;, or V4?~. The energy necessary 
to liberate one electron out of the center is compara- 
tively small, most of these first electrons being already 
free at room temperature (and thus giving rise to dark 
conductivity), leaving the ionized centers Zn;,+ or V 4- 
behind. The energy required to liberate a second elec- 
tron from these centers is much greater ;!* the liberation 
may occur optically (photoconductivity), fluorescence 


2 R. Ward, private communication, 1947. 

13 N. W. Smit and F. A. Kréger, J. Opt. Soc. Am. 39, 661 (1949). 

144 A. Schleede and B. Bartels, Z. tech. Phys. 19, 364 (1938). 

t According to Thomsen, J. Chem. Phys. 18, 770 (1950), the 
green band of ZnO should be due to the incorporation of sulfur. 
ZnO made from zinc which is free from sulfur, however, shows the 
same green emission, provided it has been prepared under reducing 
conditions. Therefore, sulfur cannot be essential for the formation 
of “green” centers. The effect of sulfur observed by Thomson 
can be regarded as being of a secondary nature, sulfur or a sulfide, 
causing a reduction of an oxide by the reactions (1+25)ZnO 
+6/2S2—Zn (1423)0+6SOo, (1-+25)Zn0+6ZnS—Zn (14.33)0+4S0¢. 
[A. Schleede, Chem. Ber. Priif-Nr. 15, 487 (1942); F. A. Kréger 
and J. A. M. Dikhoff, J. Electrochem. Soc. 99, 144 (1952). ] 

16D. C. Cronemeyer and M. A. Gilleo, Phys. Rev. 82, 975 
(1951). 
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being emitted upon recombination. This is in fact the 
model already suggested for ZnO—Zn by Mollwo and 
Stéckmann.'* The corresponding band for reduced CdS 
has not been observed; it must be expected to lie in the 
infrared!” 

Bands corresponding to the Vct and V4~ (or Zniz) 
bands occur also with ZnO. The green V4~ (or Znis) 
band appearing with reduced ZnO has already been 
mentioned in the foregoing. In addition ZnO may show 
bands in the yellow and red part of the spectrum, the 
origin of which has so far been unclear.'* Experiments 


16 EF. Mollwo and F. Stéckmann, Ann. Phys. 3, 240 (1948). 
E. Mollwo, Z. physik. Chem. 198, 258 (1951). 

17 See reference 11. 

18 E, Beutel and A. Kutzelnigg, Monatsh. Chem. 55, 158 (1930) ; 
Sitzber. Akad. Wiss. Wien., Math. naturw. KI. (IIf) 139, 74 





VINK 


carried out by us showed that a broad fluorescence 
band, extending from 5000 to 8000A with a maximum 
at 6100A and appearing upon excitation by A=3650A 
at liquid air temperature, is promoted by the presence 
of trivalent cations such as Ga**, Al*+, Gd**, and by 
monovalent anions such as Cl- or Br~ in concentrations 
varying from 10~* to 10-* atom per mole ZnO. The in- 
tensity of this band is favored by preparation of the 
samples under oxidizing conditions; reducing atmos- 
pheres cause a decrease of the intensity of the orange 
band, while that of the green V4~ band increases. 
Therefore, it is probable that the orange band must be 
ascribed to the Vt centers. 


(1930). A. Kutzelnigg, Sitzber. Akad. Wiss. Wien., Math. naturw. 
Kl. (IIf) 142, 728 (1933). J. Ewles, Phil. Mag. 45, 957 (1923). 
E. Koerner, thesis, Greifswald (1930). 
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The triplet-singlet emission spectra of a number of carcinogenic hydrocarbons are recorded together 


with the corresponding spectra of their 1,3,5-trinitrobenzene complexes. A new explanation of the complex 
spectra is given, involving a radiationless transition from an ionic “charge transfer” state to a triplet state 


complex. 


INTRODUCTION 


N rigid media many aromatic hydrocarbons, related 

substitution products, and heterocyclic compounds 
show emission from two different electronic levels.'~* 
The spectral position and the emission lifetime of 10~® 
to 10-® second usually identify the higher-energy 
luminescence as the result of a transition from the 
lowest excited singlet state to the ground state. The 
lower-energy emission band has a relatively long mean 
lifetime, in some cases several seconds. Paramagnetic 
measurements’ and studies of the effects of heavy 
atomic weight substituents> have confirmed that the 
long-lived emission bands arise from the metastable 
triplet states of the molecule concerned. The position 
of the triplet emission bands?:® and lifetimes for the 
corresponding triplet states*-* have already been re- 


1 Lewis, Lipkin, and Magel, J. Am. Chem. Soc. 63, 3005 (1941) ; 
66, 1579 (1944). 

2G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 
(1944) ; 67, 994 (1945). 

3G. N. Lewis and M. Calvin, J. Am. Chem. Soc. 67, 1232 (1945). 

4M. Kasha, Chem. Revs. 41, 401 (1947). 

5D. S. McClure, J. Chem. Phys. 17, 905 (1949) ; 19, 670 (1951). 

6 Dikun, Petrov, and Sveshnikov, Zhur. Eksptl. Teort. Fiz. 
21, 150 (1951) [Chem. Abstracts 45, 8357 (1951) ]. 

7M. D. Galanin, Doklady Akad. Nauk. 73, 925 (1950) [Chem. 
Abstracts 45, 6002 (1951) ]. 

8 B. A. Pyatnitskii, Izvest. Akad. Nauk. S. S. S. R. Ser. Fiz. 15, 
597 (1951) [Chem. Abstracts 46, 8972 (1952) ]. 









corded in the literature for a large number of molecules. 
Here we shall record previously unreported phosphores- 
cence band positions for some aromatic hydrocarbon 
molecules, notably the methyl derivatives of 1,2-ben- 
zanthracene and of benzo(c)phenanthrene. 


EXPERIMENTAL METHOD 


Weighed portions of hydrocarbon were dissolved in 
a mixture of one part of isopentane and four of methy| 
cyclohexane which formed a clear glass when cooled in 
liquid nitrogen contained in an unsilvered Dewar vessel. 
The resulting systems were irradiated with monochro- 
matic light from a General Electric AH6 mercury arc 
with suitable filters. The spectra were photographed 
using a Hilger E2 spectrograph on Eastman Kodak 
II F3 or sensitized IN plates. The plates were scanned 
with a densitometer. A mechanical phosphorescope, 
similar to those already described in the literature,” 
was used to obtain a phosphorescence spectrum com- 
pletely free of short-lived fluorescence and scattered 
mercury arc light. 


RESULTS 


In Table I are given the values in cm of the peaks 
of the highest energy phosphorescence band of the 
hydrocarbons and the position in A of the maxima of 
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PHOSPHORESCENCE IN 





CARCINOGENIC HYDROCARBONS 


TABLE I. Positions of emission band maxima for the long-lived phosphorescence bands of some hydrocarbons 
and for the short-lived emission from complexes of the hydrocarbons with 1,3,5-trinitrobenzene. 











Hydrocarbon 


Origin of phosphores- 
cence band 


cm” 


system 
1 


Max A of observed phospho 


rescence bands 


Max A of T.N.B.—Complex 


emission bands 





1,2-benzanthracene 
9,10-dimethyl-1,2-benzanth - 





10-ethy]l-1,2-benzanthracene 





1’ methyl-1,2-benzanthracene 
2’ methyl-1,2-benzanthracene 
3’ methyl-1,2-benzanthracene 
4’ methy]-1,2-benzanthracene 











3 methyl-1,2-benzanthracene 
4 methyl-1,2-benzanthracene 
5 methyl-1,2-benzanthracene 
6 methyl-1,2-benzanthracene 
7 methyl-1,2-benzanthracene 
8 methyl-1,2-benzanthracene 
9 methyl-1,2-benzanthracene 
10 methyl-1,2-benzanthracene 










benzo(c)phenanthrene 





1 methyl benzo(c)phenanthracene 
2 methyl benzo(c)phenanthracene 
3 methyl benzo(c)phenanthracene 
4 methyl benzo(c)phenanthracene 
5 methyl benzo(c)phenanthracene 
6 methy] benzo(c)phenanthracene 








3,4,5,8,9,10-hexahydropyrene 





naphthacene* 


16 500 
15 500 
16 370 


16 980 
16 640 
16 720 
16 670 


16 810 
16 980 
16 650 
16 530 
16 580 
16 780 
16 260 
16 310 


19 840 


18 940 
19 760 
19 760 
19 720 
19 720 
19 690 


19 800 
19 600 


6060,6570,7250 
6450,7150,7900 
6100,6590,7210 


5890,6400,7040 
6010,6600,7220 
5980,6570,7220 
6000,6580,7230 


5950,6550,7150 
5890,6530,7070 
5990,6500,7 100 
6050,6560,7280 
6030,6590,7200 
5960,6480,7110 
6150,6790,7600 
6130,6650,7500 
5040,5420 
5280,5630 
5060,5440 
5060,5460 
5070,5475 
5070,5475 
5080,5490 
5050,5100 
5100,5550,6110 


5870,6250,6980 
6250,6800,7600 


5650,6150,6850 
5600,6100,6630 
5800,6260,7000 

6850,7700 


6000,6630,7350 
6450,7010 
6350,7200 

5600,6050,6550 
6550,7170 

5860,6350,7100 

5950,6430,7100 
7100,7750 


5150,5475 


5230,5545 
5280,5560 
5370,5700 
5180,5520 
5260,5660 














»C, Reid, J. Chem. Phys. 20, 1214 (1952). 


each of the distinguishable bands. The dotted curves 
in Figs. 1 and 2 show the long-lived triplet emission 
spectra of a few of the compounds studied. 

Previously it has been shown’ that many addition 
compounds of aromatic nitro-compounds and hydro- 
carbons show a fluorescence similar in position but more 
strongly allowed than the phosphorescence of the hydro- 
carbon component. The 1,3,5-trinitrobenzene-hydro- 
carbon complexes were prepared as described elsewhere® 
and in Table I are recorded the positions in A of the 
emission peaks. The solid lines in Figs. 1 and 2 show 
the emission spectra of complexes of hydrocarbons with 
trinitrobenzene. It will be noted that the complex 
emission bands are somewhat broader than the hydro- 
carbon triplet bands. Thus, the band positions of the 
former, recorded in Table I, have a certain degree of 
uncertainty. 


DISCUSSION 


It will be seen that, in spite of a few deviations, the 
complex spectra are in general similar enough in position 
and intensity distribution to those of the parent hydro- 
carbon to be regarded as arising from the same, slightly 
perturbed, triplet level. This is in contrast to the com- 
plex absorption spectra’ which show the characteristic 
appearance of “charge transfer” bands.!° The triplet 
state is thus the result of a radiationless transfer of 





°C. Reid, J. Chem. Phys. 20, 1212 (1952). 
"” For a discussion of charge-transfer spectra, see R. S. Mulliken, 
J. Chem. Phys. 19, 514 (1951) and references contained therein. 












energy from the charge transfer state, approximately 
describable as Rt+N- (R=hydrocarbon, N=polynitro 
compound), to a state® RN in which the charge transfer 
electron has returned to the first excited level of the 
hydrocarbon. Since the first excited singlet state lies at 
higher energy than that of the charge transfer band it 
cannot be excited, whereas the triplet level is suitably 
placed for such excitation. Finally the excited electron 
returns to ground by the observed radiative transition. 

Next we must explain why complex formation affects 
so markedly the lifetime of the triplet state. For hydro- 
carbons the triplet state lifetimes are several seconds 
and for the complexes approximately 5X 10~ second or 
less. This difference is much greater than can be ac- 
counted for by a simple atomic number effect. In the 
original paper dealing with this subject? a tentative 
explanation was given which is now considered to be 
unsatisfactory in the light of the following more reason- 
able discussion. 

An examination of the reason why the aromatic 
hydrocarbon lifetimes are anomalously long when com- 
pared with the values calculated on the basis of the 
simplest spin-orbit coupling theory has been made by 
McClure." The principal reason is the cancellation on 
symmetry grounds of spin-orbit coupling integrals in- 
volving two z electron states for all components of the 
spin-orbit coupling part of the Hamiltonian except 
those symmetric to reflections in the plane of the mole- 


1 D—D. S. McClure, J. Chem. Phys. 20, 682 (1952). 
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Fic. 1. Emission spectra of hydrocarbons and complexes versus 
wavelength. Dotted lines: long-lived triplet emission of hydro- 
carbons; solid lines: emission spectra of complexes of hydro- 
carbons with trinitrobenzene. (a) 2’ methyl 1,2-benzanthracene. 
(b) 3’ methyl 1,2-benzanthracene. (c) 6 methyl 1,2-benzanthracene. 
(d) 8 methyl 1,2-benzanthracene. 








cule. It has been shown that this leaves only three 
center integrals, which are small, and integrals mixing 
wx and o states, which Mizushima and Koide” in a 
somewhat different treatment showed could account 
for the observed lifetimes. 

Now “x complexes” of the kind which we are consider- 
ing are complexes in which the two components form a 
“sandwich,” the stability resulting from a shift of 


12 M. Mizushima and S. Koide, J. Chem. Phys. 20, 765 (1952). 
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electron density from the “donor” to the electron defi- 
cient “acceptor” molecule. An obvious consequence 
of this is severe distortion of the m orbitals of the 
hydrocarbon which now bulge on the trinitrobenzene 
side. Terms involving the X and Y components of the 
spin-orbit coupling terms in the Hamiltonian, pre- 
viously zero, now appear and we may expect a lifetime 
similar to those of other oxygen or nitrogen containing 
aromatics. This is in fact what is observed. 
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Fic. 2. Emission spectra of hydrocarbons and complexes versus 
wavelength. Dotted lines: long-lived triplet emission of hydro- 
carbons; solid lines : emission spectra of complexes of hydrocarbons 
with trinitrobenzene. (a) benzo(c)phenanthrene. (b) 6 methyl 
benzo. (c)phenanthrene. 














TRIPLET LEVELS AND CARCINOGENESIS 


This investigation was begun’ with the hope that it 
might be possible to correlate triplet state data with 
carcinogenic activity. Since no clear-cut correlations 
were in fact observed they are omitted from this paper 
but will be summarized elsewhere. 
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Singlet-triplet absorption bands are reported for a number of halogen benzenes and naphthalenes. Com- 


bining the results with other data, the rates of radiationless triplet to ground state transitions are found. 
The effect of the atomic number of a substituted halogen atom on the absorption strength is shown to agree 
with a simple theory. It is also shown that the spectroscopic moments of substituents do not add vectorially 


for singlet-triplet transitions. 





HIS note represents an extension of the work of 
Lewis and Kasha! who systematically looked for 
and identified singlet-triplet absorption bands (ST 
bands) in organic compounds. Reid has since found 
ST bands in pyridine’ and ethylene.’ 

In our work, the ST bands were measured in liquid 
solutions at room temperature, and in solid glassy 
solutions at 77°K. Three principal problems are en- 
countered in this work: (a) obtaining sufficiently pure 
compounds, (b) separating the ST band from the tail 
of the ordinary absorption band, (c) obtaining long 
enough path lengths. These problems arise, of course, 
because of the very weak absorptions (approximately 
from 0.0001 to 1 in molar extinction coefficient). Since 
S—T absorption strength is expected to increase 
markedly with heavy atom substitution‘ it should be 
easier to identify S—T absorption in, say, halogenated 
aromatics than in the unsubstituted ones. We were able 
to find the S—T absorption in a series of halogen sub- 
stituted benzenes and naphthalenes, as shown in 
Figs. 1 and 2. These spectra were obtained either with 
the Beckman spectrophotometer (the curves shown by 
dotted lines), or the Cary recording spectrophotometer 
(the curves shown by continuous lines). A 5- or 10-cm 
cell with 0.1 to 3.0 molar solutions was used. The sharp 
rise at the violet end of the spectra is the anti-Stokes 
singlet-singlet absorption leading to the first normal 
absorption band. 

All of the solid compounds for which spectra are 
reported here were purified by several recrystallizations 
and vacuum sublimations. When further treatment 
(distillations and fractional recrystallization for liquids) 
did not change the spectra, we assumed that we had 
the correct S—T absorption band, if it also had reason- 
able absorption strength and appeared at the correct 
wavelength. The latter quantity is determined by the 
fact that the beginning of the absorption must nearly 


* Supported by the U. S. Office of Naval Research under Con- 
tract N6 ori 211 T.O. III. 
* Presented at the Ohio State Spectroscopy Conference, June, 
53. 


t Now at Experimental Station, E. I. duPont de Nemours and 
~ompany, Wilmington, Delaware. 

§ Now at The Franklin Institute, Philadelphia, Pennsylvania. 

'G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 67, 994 (1945). 

*C. Reid, J. Chem. Phys. 18, 1673 (1950). 

°C. Reid, J. Chem. Phys. 18, 1299 (1950). 

*D. S. McClure, J. Chem. Phys. 17, 905 (1949). 
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coincide with the beginning of the long-lived emission 
band. This was verified in most of the cases, but it was 
not a very strict requirement for the halogen benzenes 
because of the diffuseness of the spectra.® 

In order to get better resolution of the S—T bands 
from the tail of the normal absorption, we tried some 
low-temperature absorption experiments. As the solu- 
bility of the compounds was reduced by the low tem- 
peratures, a path length of 100 cm was used. The solu- 
tion (ether-isopentane-alcohol used as solvent) was 
frozen to a glass with liquid nitrogen. The freezing had 
to be done rapidly to prevent precipitation of the solute, 
but at the same time, this introduced strains which 
made the refractive index vary from point to point. 
For this and other reasons, we did not try to do accurate 
spectrophotometry on the solid solutions, but simply 
photographed the bands. In the case of the p-diiodo- 
benzene bands shown in Fig. 2, we found it much easier 
at low temperatures to separate the S—T absorption 
from the overlapping singlet bands, and noticed a con- 
siderable sharpening of the vibrational structure. This 
finding reinforced our belief that the continuous absorp- 
tion found at room temperature actually is the S—T 
absorption. The low-temperature spectra of p-dibromo- 
benzene and of 2-iodonaphthalene showed an increase 
in the resolution of vibrational structure. 

No S—T bands were found for p-iodobipheny] or for 
nitrobenzene, either at room temperature or 77°K. 
This is probably because these spectra are too diffuse 
to be separated from the normal absorption. There was 
faint absorption at the right place for toluene and 
naphthalene (using 10 cm of liquid in each case), but 
it was too weak and diffuse to be useful. S—T absorp- 
tion in chloro compounds is very weak, as seen in 
Fig. 2 for 2-chloronaphthalene. (This curve may partly 
represent impurity absorption). We found no bands 
attributable to S—T absorption in p-dichlorobenzene 
at low or room temperature (contrary to Lewis and 
Kasha!). We did not investigate other chlorobenzenes. 

The results of a comparison between the S—T ab- 
sorption strength and the emission lifetime have been 
presented elsewhere,‘ based on some of the data pre- 
sented here. The lifetime 7 is calculated from the 


5D. S. McClure, thesis, University of California, Berkeley, 
1948. 
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strength of the absorption band by the formula 


10.41 108 
f edy= eeu “cane 


Pr 


(see references 1 and 4). This is only approximately right 
when applied to molecular absorption, but the present 
data do not justify the use of a more accurate formula.|| 
The main reason for disagreements between emission 
lifetimes calculated from the absorption strength and 
the measured emission lifetimes is the occurrence of non- 
radiative processes.° For 1,3,5-tribromobenzene, the 

|| The accurate formula could be obtained from the work of 
D. L. Dexter, J. Chem. Phys. 21, 836 (1953). One would simply 
determine the ratio of Q to A(£), in that author’s notation, from 
his Eqs. (14) and (11). A simplified version of this formula appears 
in reference 5. 

6 Gilmore, Gibson, and McClure, J. Chem. Phys. 20, 629 
(1952). 


calculated lifetime is 0.0012 sec, while the measured 
lifetime is 0.00074 sec.‘ The absorption curve for 
1,2,4,5-tetrabromobenzene is not sufficiently well re- 
solved to justify an integration, but the absorption 
strength appears to be almost twice that of the tribromo- 
benzene, judging by the resolved portion of this curve. 
This would bring the calculated lifetime to 0.0006 sec, 
in close agreement with the measured value of 0.00055 
sec. It is interesting to compare the calculated radiative 
lifetimes to the measured ones, as is done in Table I. 
The reciprocal of the value in the first column should 
be the true radiative transition rate, while the reciprocal 
of the value in the second column should be the sum 
of the radiative and nonradiative transition rates. From 
these data, the values of the nonradiative transition 
rates from triplet to ground state, k,, in the last column 
of the table have been calculated. They are rather rough 





value 
trans 
stitul 
yield 
benze 
to tk 
solve 
at 77 
liquic 
efficie 
excite 
effect 
a ser 
triple 
quant 
toa 
lifetin 
that 1 
a red 

The 
is illu 
and ir 
of cor 
triplet 
the si 


SINGLET-TRIPLET ABSORPTION BANDS 


values, but at least illustrate that the nonradiative 
transition rates decrease markedly with increasing sub- 
stitution. (From a very rough value of the quantum 
yield of triplet-singlet emission,® one finds for bromo- 
benzene a k, value of 33 000.) These values of k, apply 
to the radiationless process taking place in a glassy 
solvent of E.P.A. (ether, isopentane, alcohol mixture) 
at 77°K. These rates must increase on passing to a 
liquid solution since the triplet-singlet luminescence 
efficiency goes down but the internal conversion from 
excited singlet to triplet should remain the same.® The 
effects of substitution on k, seem to be the same for 
a series of chlorobenzenes. Monochlorbenzene has a 
triplet state lifetime of 0.004 sec, and a radiative 
quantum efficiency of only about three percent, leading 
to a k, value of 2-300. The polychlorbenzenes have 
lifetimes on the order of 0.016 sec,* and we can assume 
that the increased triplet state lifetimes are caused by 
a reduction in the rate of the radiationless processes. 
The atomic number effect on the absorption strength 
is illustrated in Fig. 2 for the 2-halogen naphthalenes 
and in Fig. 1 for p-diiodo and p-dibromobenzene. This, 
of course, is the same effect as has been observed for 
triplet state lifetimes.* The quantitative agreement with 
the simple theory is good for the naphthalenes. The 
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bands were integrated up to the solid lines of Fig. 2. 
These lines are extrapolations of exponential curves 
fitted to the tail of the normal absorption in a region 
where S—T absorption was not appreciable. The ratio 
of the integrated absorption strength for bromo to iodo 
is 1/5, while the square of the ratio of the atomic spin- 
orbit coupling parameters is 1/4.2. The ratio of in- 
tegrated absorption strengths for p-dibromo to p-diiodo- 
benzenes should be about the same, viz., 1/4.2, but the 
integration under the poorly resolved iodo curve cannot 
be carried out with any accuracy. 

There are two other effects of substituents worth 
considering, namely, the effect of added numbers of 
the same kind of heavy atom, and the effect of their 
relative positions. These will not be as simple as in 
singlet-singlet transitions because there is an inter- 
mediate state involved here. Spin-orbit interaction 
mixes the triplet state with the singlet intermediate 
state. It is probable that this mixing is simply pro- 
portional to the number of substituted atoms of the 
same kind, and the intensity of the transition would 
then be proportional to the square of this number. The 
dipole transition from the intermediate state is the 
next step in the complete transition. The spectroscopic 
moments of the heavy atoms would not add vectorially 
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TABLE I. Comparison of triplet state lifetimes calculated 
- the strength of the S—T absorption band to the measured 
values.® 











Compound 

(a bromo- 

benzene) calc meas ke 
mono- 0.0030 (0.0001) 10 000 
para di- 0.0015 0.0003 2600 
1,3,5 tri- 0.0012 0.00074 520 
1,2,4,5 tetra- (0.0006) 0.00055 100 








® See reference 4. 


in this step as Platt showed they do for the near ultra- 
violet spectra of substituted benzenes.’? The reason for 
this is that the intermediate state is not derived from a 
trigonal wave function as are the 'B,, and 'Bz2, states of 
benzene, but its wave function must instead have two 


7J.R. Platt, J. Chem. Phys. 19, 263 (1951). 
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nodes cutting the molecular plane and one node in the 
molecular plane, viz., a ‘Eo, state.6 One can see with 
the aid of simple nodal diagrams of the partners in the 
Ex, state and the corresponding states of the sub- 
stituted benzenes that the vector addition rule cannot 
apply. 

Figure 1 shows that the absorption increases with 
the number of Br atoms substituted on the benzene 
ring, but does not do so as rapidly as expected. (The 
dibromo compound should have four times the absorp- 
tion of the monobromo.) Not enough compounds were 
available for a complete study of the orientation effects. 
One can see, however, that the effect of the increased 
number of Br atoms on 1,3,5-tribromobenzene, com- 
pared to p-dibromobenzene is offset by a partial cancel- 
lation of the spectroscopic moments of the substituents. 


8M. Mizushima and S. Koide, J. Chem. Phys. 20, 765 (1952), 
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The ion-exchange equilibria between a montmorillonite clay and potassium-cesium from chloride solutions 


have been studied by chromatographic and other methods. The results are summarized in terms of equi- 
librium constants and activity coefficients for the mixed clay phase. A tentative discussion is given of the 


T has long been recognized that the ion exchange 
equilibria between clay minerals and solutions of 

salts cannot be quantitatively described, even roughly, 
by a mass action expression in terms of stoichiometric 
concentrations only. When the complex character of the 
clay-ion combination is considered, this fact occasions 
no surprise. Looked upon as a solution of its ions, a wet 
montmorillonite is at the simplest a three-molar solution 
in which the anions are fixed in position and in which 
the motion of the cations is otherwise highly inhibited. 
The earliest attempts to describe the clay-solution 
equilibrium made use of a power law! without theo- 
retical foundation. A partial application of the methods 
of thermodynamics appears first to have been made by 
Vanselow.’ In this application the activity concept was 
used for the solution phase only. The experiments of 
Marshall and Gupta’ indicated that this treatment was 

* Contribution No. 1182 from the Sterling Chemistry Labora- 
tory, Yale University. This paper is based on the dissertation sub- 
mitted by Joseph A. Faucher to the Faculty of the Graduate 
School of Yale University in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 

{ Present address: Physikalisches-Chemisches Institut, Uni- 
versity of Innsbruck, Innsbruck, Austria. 

1H. Jenny, J. Phys. Chem. 36, 2219 (1932). 

2 A. P. Vanselow, J. Am. Chem. Soc. 54, 1307 (1932). 


3C. E. Marshall and R. S. Gupta, J. Soc. Chem. Ind. (London) 
52, 433T (1933). 


rate of the exchange process, particularly as it affects the behavior of the chromatographic columns. 


unsatisfactory. The most useful method for the de- 
scription of experimental results is a purely formal pro- 
cedure for calculating activity coefficients for the wet 
clay phase. By this means the experimental results are 
put into a form in which any regularities should be 
easily recognizable, and, if adequate theory becomes 
available, into a form susceptible of theoretical treat- 
ment. The method has been used with the resinous 
exchangers*’® and has recently been written out in more 
detail in a paper of this series.® 

In our first study of this kind we have selected a 
system which we felt would be as simple as possible: 
the exchange adsorption on a montmorillonite of cesium 
and potassium from chloride solutions. To make possible 
a more rapid accumulation of data, the chromatographic 
method has been extensively used. The results so ob- 
tained have been checked by more direct batch experi- 
ments. In connection with the chromatographic work it 
has been necessary to make a tentative study of the 
rate of exchange reactions on clays and to consider the 


4 Argersinger, Davidson, and Bonner, Trans. Kansas Acad. 
Sci. 53, 404 (1950). 
( 6 Sillén, Ekedahl, and Hégfeldt, Acta Chem. Scand. 4, 556 
1950). 

6 S L. Gaines, Jr., and H. C. Thomas, J. Chem. Phys. 21, 714 
(1953). 

























reasor 
chrom 

The 
previo 
throus 
the ce 
Radio 
typica 
detern 
of the 
tion. / 
centra 
passed 
radioce 
cesium 
isother 
ments 
molar. 
done a 
go abo 
was elt 
For ex; 
25 ml 
conditi 


’ This 
Teaneck 
°C. S. 
fessional 


* Fauc 
(1952). 





ADSORPTION: 


various disturbing effects which influence the per- 
formance of a chromatographic column. 

The clay used in this work was a montmorillonite 
from Chambers, Arizona, American Petroleum Insti- 
tute, Reference Clay Mineral No. 23. Our sample is an 
exceptionally pure clay mineral: through the courtesy 
of the U. S. Geological Survey a physical examination 
of the material has been made which shows less than 
two percent of impurities, about half of which is quartz. 
X-ray examination failed to show the presence of any 
clay mineral other than montmorillonite. Chemical 
analysis’ gave the results shown in Table I. 

The formula of the material calculated by the method 
of Ross and Hendricks? is 


(Ali.s29F elo 216M go.541F e!0.076) (Sisz.79sAlo.202)010(OH) 2 
(Cao.209Nao.o29Ko.023). 


In deducing this formula, the presence of 1.00 percent 
of quartz has been assumed and the titania and man- 
ganese oxide have been neglected (traces of pyrolusite 
are apparent in the clay). On the supposition that all 
the calcium, sodium, and potassium and no other ions 
are exchangeable, the exchange capacity according to 
the analysis is 1.32 meq. per gram of “backbone.” 
(We define the “backbone” of the clay as the material 
left after ignition in air to constant weight less the 
weight of the exchangeable ions.) This value is in 
reasonable agreement with the capacity obtained in our 
chromatographic work, namely, 1.38 meq./g backbone. 

The chromatographic methods have been described 
previously.’ Traced cesium chloride solution was passed 
through a column of natural clay suspended on asbestos, 
the cesium form of the clay being quickly produced. 
Radioactive analysis of the effluent samples gave a 
typical breakthrough curve. The holdup volume was 
determined through the difference between the weight 
of the dry column and its weight saturated with solu- 
tion. A potassium chloride solution of the same con- 
centration as the initial cesium solution was then slowly 
passed through the column. Analysis of the effluent for 
radiocesium gave long, trailing curves, indicating that 
cesium is held more strongly than potassium. The 
isotherm was calculated in the usual fashion. Experi- 
ments were done at 0.01, 0.02, 0.04, 0.08, 0.20, and 0.40 
molar. (All experiments reported in this paper were 
done at room temperature.) It was found impractical to 
go above 0.40M; at higher concentrations the cesium 
was eluted too rapidly to get accurate measurements. 
For example, at 0.40M c/co dropped to 0.1 after only 
25 ml had emerged from the column. Under these 
conditions the holdup volume, which is not too accu- 


"This analysis was carried out by Ledoux and Company, 
Teaneck, New Jersey. 

*C. S. Ross and S. B. Hendricks, U. S. Geological Survey, Pro- 
fessional Paper 205B, 1945. 
Ps aad Southworth, and Thomas, J. Chem. Phys. 20, 157 
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rately known, becomes an important part of the 
computation. 

To get an idea of the magnitude of the rate of the 
exchange reaction between clay and solution, nine two- 
gram samples of natural clay were weighed into cen- 
trifuge tubes. To each was added 40 ml of 0.0450M CsCl 
solution, traced with Cs 137. The tubes were shaken 
for a definite length of time and the clay separated by 
centrifuging for fifteen minutes, the supernatant liquid 
being then removed and counted. The tubes were 
analyzed in groups of three after separations at 15, 90, 
and 1080 minutes. The precision of the results was about 
1 percent as expected from the character of the counting. 
The relative activities of the solutions were, respec- 
tively, 0.198, 0.154, 0.151. It is apparent that a matter 
of hours is required for the attainment of equ‘librium. 
The results of this experiment are not inconsistent with 
the idea that diffusion in the solid is the rate-limiting 
factor. Although it would be most interesting to have 
more information of this type, we did not pursue the 
experiments further because of the large uncertainty in 
timing the separations and because of complete in- 
ability to assign a size parameter to the’clay as dispersed 
in the solution. 

During the course of this work many column experi- 
ments were made involving isotopic exchange of cesium 
with clay on asbestos. Generally it may be said that 
any single experiment at a definite flow rate can be 
entirely adequately described by a ¢-function plot as 
described by Faucher, Southworth, and Thomas.’ How- 
ever, the constants necessary in these descriptions do 
not vary in a simple manner with the flow rate; no 
single mechanism is adequate to explain the results over 
the range of flow rates investigated, from 6.3 ml/min 
to 0.078 ml/min in a column 2.3 cm in inside diameter 
packed to a fractional free volume of 0.75-0.79. As the 
flow rates decreased from the highest value, the break- 
through curves gradually steepened, as would be ex- 
pected if solid diffusion were the rate-determining 
factor. However, in the range 0.2-0.1 ml/min this 
behavior changes; on further decrease of the flow rate 
the curves become less steep. This effect is to be ex- 
pected as we pass into the region in which longitudinal 
diffusion becomes of importance. In the transition 
region the behavior of the column is extremely complex. 
If one will content himself with a first approximation to 
the solid diffusion law and superimpose on this the 
effect of longitudinal diffusion, the mathematics are 


TABLE I, Analysis of montmorillonite, Chambers, Arizona, API23. 
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Fic. 1. Exchange adsorption isotherm for cesium-potassium 
montmorillonite. All concentrations refer to cesium. Circles with- 
out tails, chromatographic measurements; circles with tails up, 
batch experiments on cesium clay; circles with tails down, batch 
experiments on potassium clay. 


available for the description.” For our purposes, how- 
ever, we can be satisfied with a qualitative understand- 
ing of the column behavior. In the cases of interest to us, 
involving the exchange of different ions, the descriptions 
can be handled only by high-speed computing machines. 
In any case, for the exchange of different ions the non- 
equilibrium effects are of relatively less importance. In 
our results on the cesium-potassium system no cor- 
rections for the nonequilibrium behavior of the columns 
have been used. The size of these corrections is about 
the same as the uncertainty in the results of the batch 
experiments, and hence the corrections lose any sig- 
nificance. 

At concentrations greater than 0.05M, with our 
Geiger-Miiller counters, the natural radioactivity of 
potassium becomes of importance. Where necessary, 
measurements have been appropriately corrected for 
the presence of K”. 

In order to assess directly the reliability of the 
chromatographic results, points on the isothermal sur- 
face were determined by batch experiments. For this 
purpose pure cesium and pure potassium clays were 
required. These were prepared by shaking natural clay 
with repeated portions of CsCl or KCI solutions until 
the supernatant liquid no longer showed the presence 
of calcium. These preparations were washed with dis- 
tilled water, dried for 24 hours at 60°, ground, and 
exposed to air at room temperature for a few days before 
storing. On ignition the cesium clay showed a total 
water content of 10.48 percent, the potassium clay, 
11.76 percent. Chromatographic determination of the 


L. Lapidus and N. R. Amundson, J. Phys. Chem. 56, 984 
(1952). 
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exchange capacity of the cesium clay gave 1.327 meq./g 
backbone, in good agreement with the value for the 
natural material. The potassium clay, on the other 
hand, gave 1.186 meq./g. This low value is evidence of 
potassium fixation and will be discussed in a little 
more detail below. 

In the batch experiments about 1 g of clay was 
weighed into a centrifuge tube and a measured volume 
of traced CsCl solution was added. After shaking for 
several hours the suspension was centrifuged and the 
supernatant solution counted. With the cesium clay it 
was found necessary to use a mixed solution of cesium 
and potassium chlorides. Potassium chloride alone 
traced with Cs'87 lost activity through adsorption on 
the walls of the vessels. Experiments were done with 
potassium clay at 0.01, 0.02, and 0.04M. When the data 
are plotted on relative coordinates (g/go vs ¢/co) vir- 
tually identical curves were obtained at each concentra- 
tion. For the cesium clay it was not found possible to 
get a wide spread of points on the isotherm by varying 
the ratio of clay to solution. Consequently, a number of 
mixed solutions were used to get a single isotherm at 
one total concentration, namely, 0.02M. 

The results of all the experiments indicate that the 
total concentration of the salt in solution has no in- 
fluence on the shape of the isotherm up to 0.4M. The 
isothermal surface can be simply represented by a 
single curve using the relative coordinates. This curve 
is given in Fig. 1 with a selection of points from the 
various experiments to illustrate the character of the 
agreement. A more useful summary of the results is 
given in Table II and in Fig. 2 in the form of the stoichi- 
ometric equilibrium “constant” K.=q(co—c)/c(qo—Q), 
as a function of g/qo, the fraction of the exchange sites 
occupied by cesium. These numbers were obtained by 
computing values from data read from the isothermal 
curve drawn through the experimental points, plotting 
logK, vs g/qo, and arbitrarily drawing a smooth curve 
through these points. This somewhat devious procedure 
does no violence to the experimental results in the 
central region of the isotherm. Near the ends of the 
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Fic. 2. Stoichiometric equilibrium constant. 
Ke=q(co—c)/¢(qo—q). 
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ADSORPTION: MONTMORILLONITE-CESIUM-POTASSIUM 


isotherm the uncertainties are necessarily high, par- 
ticularly at low values of g/qo. The values of K, in 
Table II reproduce the isotherm to well within the 
experimental uncertainty. 

We have evaluated the thermodynamic equilibrium 
constant, and obtain K=13.1, through the use of the 
expression 


1 
ink= f InK.d(q/qo). 
0 


The simplifications and assumptions inherent in this 
calculation are apparent from an examination of Eq. 
(17) of the paper by Gaines and Thomas.® The above 
expression for InK is exact only if the activity of water 
is constant in all the solutions. Since we have no 
knowledge of the values of the water contents of the 
various clays involved in the equilibria, it is not now 
possible to make a more exact calculation of the thermo- 
dynamic quantities. 

On the same basis the: activity coefficients of the 
mixed potassium and cesium clays have been evaluated. 
These are given in Fig. 3. Considerable deviations from 
ideality are apparent. It is of some interest to notice 
that cesium in a cesium-rich clay and potassium in a 
potassium-rich clay behave in nearly ideal fashion 
(f~1). The ion present in small amount behaves in 
the nonideal manner. 

As mentioned above, the potassium clay prepared for 
the isotherm determinations exhibited an appreciably 
lower capacity than the cesium clay similarly prepared. 
The question immediately arises as to the effect, if any, 
of this change in capacity on the shape of the isotherm 
plotted in relative coordinates. The following experi- 
ments were carried out to investigate the possibility of 
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Fic. 3. Activity coefficients in mixed clay phase. 


261 


TABLE II. The stoichiometric equilibrium constant for cesium- 
potassium montmorillonite in chloride solutions at room tem- 
perature. 








qa/qo, Cesium Ke 


(21.1) 
20.75 
20.2 
19.1 
17.5 
15.6 
13.9 
12.25 
11.4 
11.0 

(10.7) 
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an observable effect. With the natural mineral a column 
was prepared containing 4.698 g of clay and 5.0 g of 
asbestos in a tube 2.3 cm in diameter. The clay was 
converted to the cesium form and its capacity thereby 
shown to be 1.052 meq./g (1.379 meq./g backbone). 
The column was then eluted with 0.04M KCl at 0.2 
ml/min. This speed was twice that used for previous 
potassium elutions; nevertheless, the isotherm calcu- 
lated from the trailing boundary was identical with 
that previously obtained. The column was then dried, 
in a manner designed to fix part of the potassium, by 
passing through it air at 50-60°. The column was then 
placed in a vacuum desiccator for several days until 
constant weight was obtained. After wetting with more 
potassium chloride solution, the column was again 
saturated with 0.04M CsCl. The capacity of the clay 
as shown by this experiment was 1.253 meq./g back- 
bone. Another elution with potassium chloride was 
carried out; the isotherm obtained was again identical 
with those obtained previously. Finally a new capacity 
determination with traced CsCl gave a value of 1.249 
meq./g backbone. The complications of this experiment 
were great, and it is very difficult to estimate the 
accuracy of the results. We believe, however, that we 
may conservatively say that the decrease in capacity of 
0.128 meq./g backbone produced an effect on the 
isotherm of less than 4 percent. It will be of interest to 
push these experiments further and determine if the 
fixation process can at all alter the exchange properties 
of a clay mineral as measured by the shape of the 
isotherm. 

We wish again to express our indebtedness to the 
Department of Nuclear Engineering of Brookhaven 
National Laboratory for their continued support of 
this work. 
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The microwave spectra of several of the naturally occuring boron isotopic species of B;sHy and B;Dy have 
been observed. These data show that stable pentaborane consists of a tetragonal pyramid of boron atoms and 
has either C, or Cy, symmetry. The boron-boron distances are B;—B2=1.687+0.005 and B2—B2=1.800 
+0.003A. If Cs. symmetry and B,;—H; and B,—Hg distances equal to 1.22A are assumed, the following 
boron-hydrogen parameters are obtained: B.,—H;=1.35+0.02A, 2Bi—B2,—H2=136°10’+30' and 
Z B,B,B,—B.2B2H;=196+2°. Dipole moment values of 2.130.04 and 2.16+0.04 Debye units were 
measured for B;Hy and B;Dg, respectively. 








INTRODUCTION 


EVERAL structures have been proposed for stable 
pentaborane (B;Hg). The earlier of these models!” 
were based on the assumption that pentaborane would 
have a hydrocarbon-like structure of low symmetry. 
Recently, however, electron diffraction® and x-ray‘ 
workers have advanced an unusual pyramidal structure 
of Cy symmetry. In a preliminary report® of the 
microwave spectra we have shown that stable penta- 
borane does indeed possess a C, axis and that the boron 
atoms form a tetragonal pyramid. 

At first glance each new boron hydride structure has 
shown little relationship to the others. For this reason it 
is important to examine these molecules in detail and to 
derive an accurate structure for each member of the 
series. These molecules utilize their bonding electrons in 
a highly efficient manner and an explanation of their 
structures represents a test of modern chemical bonding 
theory. 

In this paper we report the microwave spectra of 
naturally occurring boron isotopic species of Bs;Hy and 
B;Dyo. With these data we are able to confirm the over-all 
aspects of the new pyramidal structure for stable 
pentaborane and to determine accurate boron-boron 
distances. Our data also allow us, with certain assump- 
tions, to calculate a detailed structure including the 
boron-hydrogen parameters. 


EXPERIMENTAL TECHNIQUE 


The microwave spectra were observed using the Stark 
modulated instrument that has been described previ- 
ously,® and a sample of pentaborane that was obtained 
from Dr. A. E. Newkirk of the General Electric Com- 


* Present address: Bell Telephone Laboratories, Murray Hill, 
New Jersey. 

1S. H. Bauer and L. Pauling, J. Am. Chem. Soc. 58, 2403 
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3K. Hedberg, M. E. Jonesand V. Schomaker, Proc. Natl. Acad. 
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*W. J. Dulmage and W. N. Lipscomb, Acta Cryst. 5, 260 
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pany. This pentaborane was generally purified by dis- 
tillation immediately before use. 

In order to obtain maximum sensitivity the absorp- 
tion spectra were observed in a wave guide cell cooled to 
200°K. It was at first suspected that pentaborane 
decomposed in the wave guide system, but later evi- 
dence indicated that it is stable in a copper and glass 
system at temperatures up to 100°C. The absorption 
lines of pentaborane are broadened by the interaction of 
the electric quadrupole moments of the five boron atoms 
with the molecular rotation. This interaction is not very 
great, however, and the half widths of the observed 
absorptions were less than 2 mc/sec. The center of this 
multiplet pattern could be judged to better than +0.2 
mc/sec. 

The deuterated pentaborane was prepared by the 
heterogeneous exchange of D. and BsHg over a chromia- 
alumina catalyst. The exact procedure is described by 
Hrostowski and Pimentel.’ The samples that were 
employed for the microwave work had 85-98 percent of 
the hydrogen replaced by deuterium. It was found that 
the lines due to the partially deuterated molecules were 
very weak and the most prominent absorptions were all 
present in the 98 percent sample. This behavior is to be 
expected for a random exchange of hydrogen atoms. 


EXPERIMENTAL RESULTS 


In the region between 28 000 and 29 200 mc/sec the 
21 absorption lines listed in Table I were found for 
stable pentaborane. The strongest of these lines at 
28 011.4 mc/sec had two first-order and two second- 
order Stark components. A slightly weaker line at 
28 359.7 mc/sec had a similar Stark pattern. This Stark 
effect, with the selection rule AM ;=0, is characteristic 
of J=1 to J=2 transitions for symmetric top molecules. 
Most of the other lines listed in Table I were observed to 
have two second order Stark components. A pattern of 
this type is consistent with their assignment as J= 1 to 
J =2 transitions for slightly asymmetric top molecules. 

In a previous report of the microwave spectra’ we 
have shown that the observed lines are readily assigned 
if we assume that the boron atoms of stable pentaborane 
form a tetragonal pyramid. The two symmetric top lines 


7H. J. Hrostowski and G. C. Pimentel (to be published). 
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arise from B;"Hy and from B,""B”H, with the B” atom 
on the axis of symmetry. The other observed lines are 
assigned to the many boron isotopic species which do 
not possess a four fold axis of symmetry. 

From the frequencies of the two symmetric top 
transitions a single moment of inertia (Jz=J,) can be 
calculated for each of the two isotopic species with full 
symmetry. For each of the asymmetric top molecules 
three transitions are observed and three moments of 
inertia ([4~I, and J.) can be determined from these 
data. It can be shown, however, that if the boron atoms 
form a tetragonal pyramid that the moments of inertia 
of the various boron isotopic species can all be calcu- 
lated using only five structural parameters. This as- 
sumes that rotation-vibration interaction can be 


TABLE I. The J/=1 to J=2 lines for B;Hp. 








Observed 
frequency®* 
mc/sec 


Calculated 
frequency» 
mc/sec 


Assignment 


Transition 


Molecule 





28 011.4+0.1 
28 359.7+0.2° 
28 513.8+0.2 


(28 011.4) 
(28 359.7) 
(28 513.8) 


1-2 
1-2 


B;"Hy Cas 
By B’H, Ce 


111-221 
h-2at 
101-211 oe 
le —221 | — 
10- | P ‘ 
loi- os | B" at apex 


111-221 
110-220 
lor-21 
1-221) 
l-2a 
1-211 


111-221 
110-220 
loi-211 


1-221 
110-220 3 
1:-211 B" at apex 


2} B2"B3;"Ho5 


28 359.7+0.2° By BYH, 
28 187.1+0.2 
28 872 

28 7154 

28 537.7+0.2 
29 024 

28 732 

28 364.5+0.5 
28 694.0+0.5 - 
28 689.5+0.2 
28 686.5 


(28 359.7) 
(28 187.1) 
28 872.6 
28 715 
28 537.6 
29 024.5 
28 731 
28 365.0 
28 694.5 
28 689.7 
28 685.0 
29 207 
29 046 
28 868 
29 057 
29 051 
29 047 
29 393 
29 094 
29 718 


B;"B."H, 


Coy 
B;"Bs"Hy 


B" at apex 
Bo"B;3"Hy 
29 045¢ 
28 870 
29 057 
29 052 
29 045¢ 


8 
B" at apex 
Be"P3H, 


29 095 
28 7154 


130-220 
101-211 


2v 


28 392 
28 989 
29 063 


not assigned 
not assigned 
not assigned 
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Fic. 1. The tetragonal boron pyramid of stable pentaborane. 


of B;''Hg, the z and x (or y) coordinates of the apex and 
base borons respectively, and the sum of the z coordi- 
nates of the hydrogen atoms. The 119-229 are the only 
transitions in Table I whose frequencies depend upon 
the moment of inertia about the axis of symmetry (J). 
Their dependence upon this parameter is not very great. 
For this reason the value obtained for 7, is much less 
accurate than that obtained for J, (or J»). 

In Table II a similar, but not as extensive, series of 
lines is given for B;Dg. It should be noted in particular 
that the two lines that were not resolved for By!!B'Hy 
are well resolved for Bs"B'Dy. Their occurrence at the 
same frequency was an accidental coincidence. We also 
include in Table II a list of /=2 to J=3 lines observed 
for Bs;Hy9. These lines were measured both to confirm the 
assignment and to obtain a better value for J,. A sum- 
mary of the rotational and structural parameters ob- 
tained from the microwave spectra of BsHy and BsDy is 
given in Table III. 

A quantitative study of the Stark effect was made to 
establish the dipole moment of stable pentaborane. 
Both the first and second order components of the 1-2 
line for Bs"Hy were measured and an average value of 


TABLE IT. Some observed lines for B;Dy and B;Hg. 














* Unless specified, +1 mc/sec. 
> Calculated using the parameters in Table III. 
¢.d.e These lines were not resolved. 


neglected for isotopic boron substitutions in these 
molecules. These parameters will be those which are 
sufficient to place the boron atoms in the molecule, 
define the center of mass and determine the moments of 
inertia of a single isotopic species. 

In Table I we show a comparison between the ob- 
served frequencies and those calculated using only five 
parameters. The excellent agreement between the ob- 
served and calculated values for 18 transitions is strong 
evidence in favor of the assignments given in Table I. 
The five observed frequencies of the B;!"Hyand By" B"H, 
species were used to determine our five parameters and 
these in turn were used to determine the frequencies of 
the 13 remaining transitions. Making reference to Fig. 1, 
we have established the two unequal moments of inertia 


Observed 
trequency® 
mc/sec 


Calculated 
frequency> 
me/sec 


Transition 


Assignment 


Molecule 





20 845.4 
21 051.8 
21 117.2 
21 032.1 
20 938.8 
21 329+1 
21 241+1 
21 146+1 


21 211+1 


42 017.340.1 
42 5398 
42 776.1 
42 563.1 
42 525.3+0.4 
42 488.1 
42 286.5 


(20 845.4) 
(21 051.8) 
(21 117.2) 
(21 032.1) 
(20 938.8) 
21 329 
21 242 
21 147 
21 215 
21 212.5 
21 210 


(42 017.3) 
(42 539.8) 
(42 776.1) 
42 563.1 
42 525.6 
42 488.1 
(42 286.5) 


Ms a: On 
110-220 
loi-211 


111-22) 
Li0- 220 
lo- nae 
131-221 


lott 


> 3 
201-331 
220-330 
212-322 
202-312 
211-321 


B;"Dy 
B."B"D, 
BBD, 


& 


B;"B2"D, 
B"” at apex 
B;"Bo”Do 


& 
B" at apex 


B;"Hy 
B,"BYH, 


Bw B”’H, 


Cow 
( 4r 








® Unless specified, +0.2 mc/sec. 
+ Calculated using the parameters in Table III. 
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TABLE III. Rotational and structural parameters for 
stable pentaborane. 











BsHs BsDo 
From 1-2 lines From 2-3 lines From 1-2 lines 
I.* 72.1773 72.1769 96.9895 
+0.0003 +0.0002 +0.0009 
IT,» 104.3 103.3 134.6 
+1.3 +0.2 +3.5 
Zp° 1.1074 1.1075 1.106 
+0.0030 +0.0015 +0.006 
xB 1.2742 1.2747 1.2710 
+0.0006 +0.0004 +0.0011 
2 2H — 1.08 —1.16 —1,11 
+0.18 +0.12 +0.25 








® Moment of inertia about axis perpendicular to symmetry axis, calcu- 
. . . 505 6.5 
lated for Bs"'H» and Bs""Do using Ja (atomic mass units KA*) = ae 
6 /3 

b Moment of inertia about symmetry axis calculated for Bs''tiy and Bs!'Dg 
using data obtained from the spectra of B4"'B!Hy» and By" B'!Dsg. 

¢ Angstrom units, calculated using mass of B" =11.01284, B® =10.01618, 
H =1,008130, D =2.014708. 


2.13+0.04 Debye was obtained. The second order 
components of the 1-2 line for Bs;"Dy gave an average 
value of 2.16+-0.04 Debye. This is a much larger value 
than expected for a hydride of boron. 


THE STRUCTURE OF PENTABORANE 


We learn from the microwave spectra of B;Hy and 
B;D, that the boron atoms of pentaborane form a 
tetragonal pyramid and that the molecule itself has 
either C, or Cy, symmetry. In addition to this symmetry 
information we also obtain quite accurate values for the 
dimensions of the boron pyramid. We are left, therefore, 
with the problem of the placement of the hydrogen 
atoms. 

One would normally expect that the structures of the 
boron hydrides, including pentaborane, can be con- 
sidered as extensions of the diborane structure. It is now 
apparent, however, that a simple hydrocarbon-like ex- 
tension is incorrect at least for BsHy and BioHys. The 
infrared spectra of BsHy and B;Dy’ indicate that the 
bonding of the hydrogen atoms in pentaborane is indeed 
similar to that of diborane® and that the molecule con- 
tains both regular B— H bondsand bridge type B— H— B 
bonds. Since pentaborane has a fourfold axis of sym- 
metry, the most reasonable structure is one with four 
equivalent B—H bonds, four equivalent B—H—B 
bridge bonds and one B—H bonded hydrogen atom on 
the axis of symmetry. The x-ray‘ and electron diffrac- 
tion workers have chosen structures of Cy, symmetry 
which are consistent with our conclusions. Both of these 
groups place four bridge bonded hydrogen atoms con- 
siderably below the base of a tetragonal boron pyramid 
and four regularly bonded hydrogen atoms above this 
base. The rotational parameters given in Table III can 


( 8K. Hedberg and V. Schomaker, J. Am. Chem. Soc. 73, 1482 
1951). 
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be rearranged in order that we might compare quanti- 
tatively our results for Bs;Hy and BsDy with the place- 
ment of the hydrogen atoms by electron diffraction. Our 
values of I, can be utilized in Eq. (1) to yield values 
for > tH’. 


T= 2 m;(x?+y7)= 2 dX mx? 
=2my Dd) *u’+2mp Dd xp”. (1) 


I, and J, can also be combined in Eq. (2) to give values 
for >- zu’. The results that we obtain are 


Ta= m(x?+27)=431.+mu > zu’-+mp > zn”, (2) 


15.75+0.10 and 15.75+0.88 for the >> xx? of BsHy and 
BsDy respectively. This can be compared with a calcu- 
lated electron diffraction value* of 16.1+0.8. For the 
> 2x? we obtain 8.85+-0.10 and 8.72+0.50 for BsHy and 
BsDg, respectively. While the calculated electron diffrac- 
tion value is 9.10.7. In addition, our value of }> zy can 
be compared with a calculated electron diffraction value 
of +0.5+1.6. 

The agreement that exists between the microwave 
and electron diffraction parameters appears to confirm 
the over-all placement of the hydrogen atoms of the 
electron diffraction model. Without the spectra of the 
partially deuterated species we cannot separate the 
contributions of the three kinds of hydrogen atoms nor 
can we differentiate between C, and C4, symmetry. It 
would seem that the best thing to do at this time is to 
calculate a pentaborane structure of the type assumed 
by the electron diffraction and x-ray workers which is 
consistent with our more accurate but incomplete 
microwave data. 

In Table IV we have calculated the two boron-boron 
distances using our boron coordinates determined for 
B;Hy and B;Dg. We report the average of the two most 
accurate values obtained for each species with an 
uncertainty large enough to include both values. As in 
most microwave work we are determining only effective 
bond distances for the ground vibrational state. Because 


TABLE IV. Structural parameters for stable pentaborane. 











Microwave Elec. diff.> X-ray* 
Bi —B2* 1.687 1.700 1.66 
+0.005 +0.017 +0.02 
B2—Bz 1.800 1.805 1.77 
+0.003 +0.014 +0.02 
B:—Hiand Bz—He (1.18) (1.22) (1.26) 1.234 1.21 and 1.20 
+0.066 +0.05 +0.07 
B2—Hs:3 1.39 1.35 1.31 1.359 1.35 
+0.02 +0.077 +0.04 
ZBi—B2—H2 134°20’ 136°10’ 138°0’ 120° 115° 
+30’ +20° +5° 
ZBiB2B2—B2B2Hs 192° 196° 200° 187° 190° 
(external dihedral) +2° +10° +5° 








® The hydrogen and boron designations are those of Fig. 2. 
b Reference 3. 
¢ Reference 4. 
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of rotation-vibration interactions the equilibrium bond 
distances may differ from the effective values by an 
amount greater than our stated uncertainties. In order 
to calculate boron-hydrogen values we have assumed 
that the two regular B—H distances are equal (this was 
also assumed by electron diffraction workers) and we 
have taken the three successive values of 1.18, 1.22, and 
1.26A. The resultant three sets of boron-hydrogen 
structural parameters are included in Table IV together 
with the electron diffraction and x-ray values. 

The microwave and electron diffraction boron-boron 
distances are in excellent agreement while the x-ray 
values are appreciably smaller. It is probable that this 
discrepancy represents an actual contraction of penta- 
borane in the solid state. If this is the case we would 
also expect the x-ray boron-hydrogen parameters to 
differ appreciably from those for the gas state molecules. 

We can also see from Table IV that the microwave 
results will agree with the electron diffraction and x-ray 
boron-hydrogen bond distances only if the two B—H 
bond angles are considerably larger than those de- 


termined by these methods. While no exact choice can: 


be made, it would seem clear from these data that the 
best boron-hydrogen parameters are obtained with the 
regular B—H distances equal to 1.22A. This choice 
gives the most satisfactory agreement between the 
microwave and the diffraction results. A model for 
stable pentaborane based upon these parameters is 
given in Fig. 2. 


DISCUSSION 


If we take the B;—H, and B2:—Hb distances to be 
1.22A, we find that our bond distances for the basal 
boron and hydrogen atoms of stable pentaborane are 
very close to the corresponding ones of diborane. 
These bond distances in diborane are’ B—H=1.187 
+0.03, B—H (bridge) = 1.334+.0.027 and B— B= 1.770 
+0.013A. This suggests that part of the bonding skele- 
ton for pentaborane is closely related to that of diborane. 
Pitzer? has interpreted the bonding in diborane as 
hybrid s, pz, and p, boron orbitals with the bridge 
hydrogens contributing their electrons to p. boron 
orbitals to form a “protonated double bond.” Ac- 
cordingly, we may think of the pentaborane structure as 
a four membered boron ring with strained s, pz, and py 
hybrid bonds, again with the four bridge hydrogens 
contributing their electrons to four boron p, orbitals. 
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Fic. 2. A C4, structure for stable pentaborane consistent with 
the microwave data. 


In such a simplified picture the peripheral B—H 
bonds would lie in the plane of the four boron atoms and 
B—H-—B bonds would be bent 90° below this plane. 
Our structural parameters for pentaborane place the 
B—H bonds 3° above the boron plane and the B— H—B 
bonds 57° down from this plane. This latter discrepancy 
may either be due to repulsive forces between the bridge 
hydrogen atoms (H;---H;=1.8A) or to the influence of 
the apex boron atom. 

The bonding between the apex and base boron atoms 
leads to a short B—B distance and is of a type not found 
in diborane. With the peripheral B—H bonds nearly in 
the boron plane the source of pentaborane’s dipole 
moment must be found in the other bonds of the 
molecule. It is possible that the apex to base boron bonds 
involve considerable boron charge separation. It is also 
possible that the apex boron bonding utilizes some of the 
p. base boron orbitals. In the latter case the bridge 
bonds will be left with a resultant positive charge. It 
would not seem probable, however, that #, orbital 
interaction can entirely account for the bonding to the 
apex boron atom. 
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Sodium Diffusion in Sodium Tungsten Bronze* 


J. F. Smira ann G. C. DANIELSON 
Institute for Atomic Research and Departments of Chemistry and Physics, Iowa State College, Ames, Iowa 


(Received September 15, 1953) 


Diffusivity has been measured in single crystals of the metallic sodium tungsten bronze, Nao.zs3WOs, at 
664°C, 752°C, and 832°C. Concentration gradients were established by effusion of sodium from single 
crystals into a vacuum and were measured by determining the variation in the lattice constant. The diffusiv- 
ities were calculated by a method which is based upon Fick’s first law and which, to the author’s knowledge, 
has not been used previously. The data obtained from several crystals held at constant temperature for 
varying periods of time gave a family of curves showing the sodium concentration as a function of depth 
with time as a parameter. From these curves the mass of sodium transferred through a plane parallel to the 
surface and at any particular depth could be obtained; this mass was plotted as a function of time. The slope 
of this curve divided by the concentration gradient, both evaluated at the same time and depth, was taken 
as the diffusivity for the corresponding concentration. The diffusivity of sodium in Nao.73WO; was found to 
be represented by the equation D= Dy exp(—AH/RT), where Do=0.87 cm?/sec and AH =51.8 kcal/mole. 
In order to calculate the diffusivity it was necessary to determine the coefficients of linear expansion. For 
Nao.sWO; the length L at temperature T, was found to be 


L=Lo[1+(8.81X10-*)T.— (1.92 10) T2], 


where Ly is the length at 0°C and 7, is the temperature in degrees centigrade. 





INTRODUCTION 


ODIUM tungsten bronze is the name applied to the 

nonstoichiometric compound NazWO3;, where x 
has a value between zero and one. The structure of these 
remarkable compounds was shown to be perovskite by 
de Jong.! The changes in color and the linear dependence 
of the lattice constant upon concentration have been 
discussed by Higg” and by Straumanis.’ The anomalous 
electrical characteristics of these metals have been 
examined by Huibregste, Barker, and Danielson,‘ by 
Brown and Banks,® and by Gardner and Danielson.*® 
The paramagnetic properties have been studied by 
Stubbin and Mellor’ and by Kupka and Sienko.* How- 
ever, the diffusion of sodium through this unusual 
metallic compound has not been investigated. Such 
diffusion should be interesting because the number of 
vacancies is large and variable and because coulomb 
forces are possibly responsible for the equilibrium 
configuration and the magnitude of the activation 
energies. This investigation was undertaken to study 
the process of sodium diffusion in this material. 


CRYSTAL GROWTH 


Single crystals of sodium tungsten bronze were 
grown from a melt of sodium orthotungstate, tungstic 


* Contribution No. 280 from the Institute for Atomic Research 
and the Departments of Chemistry and Physics, Iowa State 
College, Ames, Iowa. Work was performed in the Ames Laboratory 
of the U. S. Atomic Energy Commission. 

1W. F. de Jong, Z. Krist. 81, 314 (1932). 

2G. Z. Hagg, Nature 135, 874 (1935). 

3M. E. Straumanis, J. Am. Chem. Soc. 71, 679 (1949) ; 71, 683 
(1949). 

4 Huibregtse, Barker, and Danielson, Phys. Rev. 84, 142 (1951). 

5 B. W. Brown and E. Banks, Phys. Rev. 84, 609 (1951). 

6 W. R. Gardner and G. C. Danielson, Phys. Rev. (to be pub- 
lished.) 

7 P. M. Stubbin and D. P. Mellor, J. Proc. Roy. Soc. N.S. Wales 
82, 225 (1948). 

8 F. Kupka and M. J. Sienko, J. Chem. Phys. 18, 1296 (1950). 
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. oxide, and tungsten metal.*:? When these materials were 


combined in an approximate mole ratio of 6.5:4:1, 
large crystals of Na,WO; having x=0.75 were obtained. 
The sodium concentration was increased or decreased 
by increasing or decreasing the proportion of sodium 
orthotungstate. The crystals were usually grown in one 
thousand-gram batches which were heated to 1000°C 
in porcelain crucibles. After complete fusion the 
temperature was gradually lowered to about 600°C at 
which temperature the power to the heating furnace was 
shut off. Using cooling times of the order of two to three 
days, crystal faces were obtained which measured up to 
one-half centimeter on an edge. The crystals were 
normally obtained as an intergrown matrix of cubes from 
which individual crystals could be broken. The crystals 
were first treated with hot water in order to dissolve the 
excess sodium orthotungstate and then cleaned with 
an aqueous solution of hydrofluoric acid. 


CONCENTRATION GRADIENTS 


Concentration gradients were established in single 
crystals of the sodium tungsten bronze by a process of 
sodium effusion. To remove sodium from the crystals the 
samples were heated under reduced pressures of about 
10-> to 10-* mm Hg. W. R. Savage" has recently made 
some preliminary measurements on the heat sublima- 
tion of sodium from the sodium tungsten bronze, which 
indicated that the heat of sublimation is a small value 
of the order of 10 kcal/mole. This value suggests that the 
diffusion process rather than sublimation is the rate- 
controlling process in effusion of the sodium. 

After effusion the concentration gradients of sodium 
within the crystals were measured by a precision 
determination of the lattice parameter. The gradient 

*Brimm, Brantley, Lorenz, and Jellinek, J. Am. Chem. Soc. 


73, 5427 (1951). 
1 W. R. Savage, Iowa State College, private communication. 
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measurements were made on the following basis. For 
the region 0.3<x%<1.0, sodium tungsten bronze crys- 
tallizes in the cubic system with the perovskite struc- 
ture’* which is shown in Fig. 1. The crystals used in 
this determination were chosen with at least one well- 
developed (100) face, and the lattice parameter measure- 
ments were made on this face. By using unfiltered 
copper radiation and a Norelco x-ray diffractometer, it 
was possible to obtain nine (h00) reflections, five 
resulting from K@ and four from Ka. The calculated 
lattice parameters from the seven reflections of highest 
order were plotted against the function }$(cos’6/sin# 
+cos’6/0) suggested by Nelson and Riley" rather than 
against cos’@ since such curves were more nearly linear 
as shown in Fig. 2. The reproducibility of a lattice 
parameter measurement in a homogeneous crystal was 
better than 0.01 percent as shown in Table I. The re- 
lationship between the lattice parameter and the 
sodium concentration has been studied by three different 
investigators,®*!? and Vegard’s law has been found to 








TUNGSTEN 
OXYGEN 
SODIUM 














Fic. 1. Structure of cubic phase of NaW,O3. Lattice parameter 
in angstroms, a9>=0.0820x+-3.7845. Cubic symmetry for range 
0.3<*<1.0. 


hold. The equation by Banks 
a= (0.0820x+ 3.7845) A (1) 


was considered the most accurate and was used to relate 
the lattice parameter a) to the sodium concentration 
as defined by x in the formula Naz,WO;. The lattice 
parameter was evaluated in true angstroms rather than 
kX units using 1A=1.00202 kX units. 

The concentration gradients were measured by taking 
a diffraction pattern of the surface of the crystal, 
machining from the crystal a measured increment, 
taking a diffraction pattern of the new surface, ma- 
chining off another increment, and repeating the process 
until the initial sodium concentration was reached. The 
justification for using the diffraction patterns as rep- 
resentative of the surface lattice parameter is shown in 
Fig. 3. This figure shows the calculated intensity de- 
cline as a function of perpendicular depth from the 
surface for the two extremes of the seven reflections 
used in the lattice parameter extrapolation. Since the 


4 J. B. Nelson and D. P. Riley, Proc. Phys. Soc. (London) 57, 
160 (1945). 

” E. Banks, 3rd Interim Report on Lattice, Polytechnic Institute 
of Brooklyn, New York (July 6, 1951), Multigraphed, pp. 5-7. 
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EXTRAPOLATION OF LATTICE PARAMETER 
AGAINST F (8) 
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Fic. 2. Extrapolation to obtain precision lattice parameter. 


increments machined from the crystals were of the 
order of 25X10~ centimeters (1 mil) and since practi- 
cally complete absorption of the x-rays takes place in 
this depth, the measured lattice parameter clearly 
corresponded to the sodium concentration of the 
removed increment. The high absorption of x-rays by 
tungsten is thus of considerable advantage in deter- 
mining the sodium concentration of a thin surface 
layer by a lattice parameter determination. 


DETERMINATION OF DIFFUSION COEFFICIENTS AND 
THEIR TEMPERATURE DEPENDENCE 


The effusion apparatus was so designed that several 
crystals could be heated at the same temperature for 
varying periods of time. By using crystal samples of the 
same initial sodium concentration it was thus possible to 
obtain data from a given sample group heated at one 
particular temperature to plot a family of curves show- 
ing concentration as a function of depth from the 
surface with time as a parameter. The slope of the 
concentration-depth curves at any point yielded the 
concentration gradient (dc/dx) at that point. From the 
concentration-depth curves, a second family of curves 
showing mass transfer against time with depth as a 
parameter could be obtained. The mass transfer values 
were determined from the concentration-depth curves 
by measuring the area between the initial concentration 
at ‘=0 and the final concentration at /=/, from infinite 
depth to some particular depth z;. (Infinite depth in 
this case represented the region of constant sodium 
concentration.) The measured area represented the 
mass of sodium which had moved through unit cross 
sectional area at the depth z=z, during the time /, and 
corresponds to one point on the second family of curves. 


TABLE I. Reproducibility of lattice parameter measurements. 








Deviation 
from average 


0x 10-4 
—4X 10-4 
+1X10~ 
+1x10~ 
+2 10-4 


Increment in 
centimeters 


0.0X 107% 
2.0 103 
1.8X 10-3 
5.8X 1073 
9.9X 10-3 
Average 


Lattice parameter 


3.8318 
3.8314 
3.8319 
3.8319 
3.8320 
3.8318+0.0001A 
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CALCULATED CURVES OF 
INTENSITY DOECLINE 
VS PENETRATION FOR Cu 
RADIATION IN No, WO, 


INTENSITY IN %I, 





DEPTH IN CENTIMETERS 


Fic. 3. Intensity decrease of incident x-radiation as a 
function of depth. 


Fick’s first law is normally written 
dm= D(dc/dz)dt. (2) 


In this equation m is the mass transferred across a unit 
area, D is the diffusivity, c is the concentration, z is a 
space coordinate, and ¢ is time. This can be rewritten as 


ahead 

LX Ot J 2=2,st=h, 
r foc 
L iL... 


where c; is the sodium concentration at a depth 2; after 
a diffusion time ¢;. This shows diffusivity values to be 
the ratio of two slopes. By measuring the slope in each 
of the two families of curves for the same time, f= 41, 
and depth, z=2:, one value of the diffusivity was 
determined. Additional values of the diffusivity are 
obtained by selecting different values for the parameters 
t and z. This correspondence in coordinates is shown by 
the subscripts in Eq. 3. The subscripts inside the brackets 
represent the parameter of the curve whose slope was 
measured. The subscripts outside the brackets represent 
the abscissa at the point of measurement. This takes 





D(a1)= (3) 
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Fic. 4. Concentration versus depth for sample group IV at 832°C. 
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into account the possible variation of the diffusivity 
with concentration since a particular combination of 
time and depth represent a particular concentration. 

The range of change of sodium concentration used in 
calculating the diffusivities was kept to less than 10 
percent of the original sodium concentration. The 
experimental diffusivities were then fitted to an 
Arrhenius-type equation: 


D=Dy exp(—AH/RT). (4) 


The symbols in the equation are: Do the frequency 
factor, AH the heat of activation, R the gas constant, 
and T the absolute temperature. C. Zener" has discussed 
the evaluation of the frequency factor, 


Do= Voao” exp (AS/R). (5) 


The value should lie between 0.01 and 1 cm?/sec. In 
MASS TRANSFER Vs_ TIME 
AT VARIOUS DEPTHS. 
(SAMPLE GROUP IZ) 


x1o-° 


wo Ww 










MASS TRANSFER IN g/cm? 
- - ~ Mm 
ie) oO (3, 


3.) 
°o 


BA SY 
1 2s 4 5 x10 
TIME IN SECONDS 


Fic. 5. Mass transfer versus time for sample group IV at 832°C. 


.e) 


order to make a more accurate approximation of the 
frequency factor using Zener’s approach, it would be 
necessary to know the Debye temperature to evaluate 
the characteristic frequency vo, and it would be neces- 
sary to know the melting point and the temperature 
dependence of one of the elastic constants in order to 
evaluate the entropy of activation, AS. As yet none of 
this information is available for sodium tungsten bronze. 
Only the lattice parameter, ao, has been evaluated. 


EXPERIMENTAL RESULTS 


The diffusivity of sodium in Nao.73WO; was measured 
at 832°C, 752°C, and 664°C. The concentration-depth 
curves for 832°C are shown in Fig. 4. The validity of the 
shape of these curves was inferred from additional 
measurements made on other crystals with considerably 


13 C. Zener, J. Appl. Phys. 22, 372 (1951). 
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greater ranges of change of sodium concentration. The 
mass transfer-time curves for 832°C are shown in Fig. 5. 
The points for the mass transfer-time curves were 
obtained by integrating the concentration-depth curves 
with a planimeter. The slopes of the two sets of curves 
were measured by the mirror technique." The quanti- 
tative results are shown in Table II. The data were fitted 
to an Arrhenius-type equation, and the resulting 
temperature dependence of the diffusivity is shown in 
Fig. 6. The frequency factor Do was calculated to be 
0.87+0.04 cm?/sec., which is within the range predicted 
by Zener’s theory. The activation energy AH was 
calculated to be 51.8+-0.7 kcal/mole. 


LINEAR COEFFICIENT OF EXPANSION 


Since the depth measurements on the crystals were 
made at room temperature, the true diffusivity was 
found by correcting for the lattice expansion occurring 
between room temperature and the temperature of 
diffusion. The expansion coefficients were obtained from 
lattice parameter measurements made with a high-tem- 
perature x-ray diffraction apparatus designed by P. 
Chiotti.1> Measurements were made on Nao.sWO; be- 


TABLE II. Temperature-corrected diffusivities, frequency 
factor, and activation energy for Nao.73WOs. 








Correction 
factor for 
expansion 


1.0116 6.9 X10"! cm?/sec 
1.0107 6.9 X 10-2 cm?/sec 
1.0096 9.8 X10-" cm?/sec 


Corrected 
diffusivity 


Measured 

Temperature diffusivity 

832°C 6.8 X10-" cm?/sec 

752°C 6.8 X107!2 cm?/sec 

664°C 9.7 X10-3 cm?/sec 
Calculated quantities: 

(1) Frequency factor: Do =0.87 +0.04 cm?/sec 

(2) Activation energy: AH =51.8+0.7 kcal/mole 











tween room temperature and 750°C. The data were 
fitted to a parabolic expansion formula 


L=L)(1+aT.+6T2). (6) 


The expansion coefficients calculated by the method 
of least squares were 


a= 8.81 10-* per °C, 
B=—1.92X10- per °C’. 


In the equation L is any linear length, Zo is this length 
at O°C, and 7, is the temperature in °C. 


DISCUSSION 


The retention of only two significant figures in the 
measured diffusivities results from several sources of 
error. The temperature was controlled to within +3°C 
during the effusion period. A split-type furnace was used 
so that it could be preheated before being placed around 
the samples. This arrangement reduced the heating and 
cooling time for the sample crystals to the order of 15 


4A. G. Worthing and J. Geffner, Treatment of Experimental 


Data (John Wiley and Sons, Inc., New York, 1943), p. 89. 
16 P, Chiotti, Iowa State College (to be published). 


IN SODIUM TUNGSTEN BRONZE 


10 men : 1000° K 909°K 
Io” T T T 
TEMPERATURE DEPENDENCE OF 
DIFFUSIVITY FOR Nog7g wo, 





D*Do €xp.(-AH/RT) 


WHERE Do: 0.87cm2/sec, AND 
OH= 51.8 kcal/mole 


DIFFUSIVITY IN cm%sec. 
Ft 
T 








-= j 
1.0 it 
RECIPROCAL ABSOLUTE TEMPERATURE 





x 10° 
Fic. 6. Temperature dependence of diffusivity for Nao.73WOs. 


minutes. Since the shortest effusion period was between 
three and four days, this represents an error in the time 
at equilibrium temperature of less than one part in a 
thousand. The increments which were machined from 
the crystals were measured to +10~ cm per increment. 
However, these errors were not cumulative since one of 
the two readings in measuring the depth of the incre- 
ment represented the original crystal surface. The stand- 
ard deviation for the lattice parameter measurements 
shown in Table I was +0.0001A. This deviation repre- 
sented a +0.001 g/cm’ deviation in the sodium con- 
centration. The precision in these measurements was 
masked by the empirical fit of the curves to the meas- 
ured points. The planimeter used in integrating the 
concentration-depth curves was read to two parts in 
ten thousand, but the significant error was the personal 
error in tracing the curves. The measurements of the 
slopes of the curves could be made to two parts in a 
hundred, but again the more important error was the 
human error in judging the position at which the 
mirror was normal to the curve. Twenty-five measure- 
ments of the diffusivity at 832°C gave a standard 
deviation of +0.5X10-" cm?/sec; six measurements 
at 752°C gave a standard deviation of +0.7X10-” 
cm?/sec; and fifteen measurements at 664°C gave a 
standard deviation of +0.8X 10-" cm?/sec. 

It is believed that the treatment of the data to yield 
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diffusivity values is valid for any depth at which 
diffusion is the rate-controlling phenomenon. In the 
event that surface phenomenon was the rate-controlling 
factor in surface concentration, the validity of the 
treatment for the bulk of the crystal would not be 
affected since a flattening of the concentration-depth 
curves would be attended by a flattening of the mass 
transfer-time curves which would leave the ratio of the 
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slopes undisturbed. However, in this experiment it is 
believed that there is no important surface phenomenon 
since diffusivity values calculated from surface points 
agree within experimental error with diffusivity values 
measured at points within the bulk of the crystal. 

We wish to acknowledge the cooperation of Dr. H. A. 
Wilhelm in making possible this research and the 
assistance of Mr. Paul Sidles in growing the crystals. 
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Determination of Some Carbon-Chlorine Bond Dissociation Energies 


M. Szwarc, College of Forestry, State University of New York, Syracuse, New York 
AND 
J. WATSON Taytor, Chemistry Department, University of Manchester, Manchester, England 


(Received July 24, 1953) 


An investigation of the pyrolyses of benzyl chloride and benzoyl chloride has been carried out by means 
of the “toluene carrier” technique. It is shown that the course of these reactions is analogous to that of the 
previously investigated pyrolyses of benzyl bromide and benzoyl bromide, i.e., the rate determining steps are 


CsHs- CH2Cl-C,H;- CH2-+Cl 


or 


Ce6H;-CO-Cl-C.H;-CO+Cl. 


From kinetic data we obtained the activation energies of the rate determining steps, and we identify these 
activation energies with the respective C—Cl bond dissociation energies. Thus we derive 


D(Ce6Hs: CH2—Cl) = 68 kcal/mole 


and 


D(C.H;-CO- —Cl) =73.2 kcal/mole. 


The consistency of these data with the respective C—Br bond dissociation energies is very satisfactory. For 
example, the heat of formation of the benzoy] radical, derived from the D(CsH;- CO—C1), is 15.7 kcal/mole, 
and that calculated from the experimentally determined D(CsH;-CO—Br) is 15.6 kcal/mole. 


DETERMINATION OF SOME CARBON-CHLORINE 
BOND DISSOCIATION ENERGIES 


T has been shown in a series of publications by one 
of us'~® that the C— Br bond dissociation energies in 
suitable organic bromides can be determined by pyro- 
lysing the compound in the presence of an excess of 
toluene. It was found that organic bromides which can- 
not be decomposed into olefines and hydrogen bromide, 
e.g., those which do not contain hydrogen atoms in a 
position to the C—Br bond, dissociate according to 

reaction (1): 
R-Br—R+ Br. (1) 


The fragments produced react with toluene present in 
the system and abstract a hydrogen atom from the 


1 Szwarc, Ghosh, and Sehon, J. Chem. Phys. 18, 1142 (1950). 
2 A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (London) A209, 
110 (1951). 
3 Leigh, Sehon, and Szwarc, Proc. Roy. Soc. (London) A209, 97 
1951). 
4 Ladacki, Leigh, and Szwarc, Proc. Roy. Soc. (London) A214, 
273 (1952). 
5 M. Ladacki and M. Szwarc, Proc. Roy. Soc. (London) A219, 
341 (1953). 
6 M. Szwarc and D. Williams, Proc. Roy. Soc. (London) A219, 
353 (1953). 


methyl group. Thus, benzyl radicals and molecules like 
R-H or H-Br are formed, e.g., 


C.H;-CH;+ Br-C,H;- CH: +H-Br. (2) 


Since reaction (2) is much faster than reaction (1), the 
rate of formation of hydrogen bromide measures the 
rate of the initial dissociation (1). 

We have now extended these investigations to organic 
chlorides, limiting our studies to the class of these 
organic chlorides for which the D(C— Cl) is smaller than 
the C—H bond dissociation energy in toluene. This 
limitation is required by our experimental technique in 
which toluene is used as a carrier gas, and hence we 
cannot study the pyrolyses of compounds which de- 
compose to a lesser extent than toluene. Benzy] chloride 
and benzoyl chloride seem to be suitable for such 
studies, and their behavior on pyrolysis is reported in 
the present communication. 


EXPERIMENTAL 


In the investigation of the pyrolysis of benzyl chloride, 
we followed closely the method used formerly in in- 
vestigating the pyrolysis of benzyl bromide. The reader 
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DETERMINATION OF SOME C-Cl 


is referred, therefore, to a previous paper! for all the 
details of experimental technique. 

Benzyl chloride used for pyrolyses has to be carefully 
purified by repeated distillation to remove traces of 
water and of hydrogen chloride. It appears that its 
decomposition takes place according to Eq. (3): 


C.H; . CH, - Cl-—C,H; : CH, . + Cl. (3) 


This conclusion follows from the fact that dibenzyl and 
hydrogen chloride were the products of the pyrolyses of 
benzyl chloride in the presence of an excess of toluene. 
Moreover, it was found that the molar ratio of dibenzyl 
to hydrogen chloride was close to the theoretically re- 
quired value of unity (see Table I). 

Table II summarizes the experimental results ob- 
tained in the pyrolysis of benzyl chloride. The per- 
centages of decomposition and the first-order rate con- 
stants reported in this table are calculated on the basis 
of the amount of hydrogen chloride produced in the 
decomposition. Inspection of Table II shows that the 
first-order rate constants remain constant when the 
partial pressures of benzyl chloride are varied by a 
factor of six. Compare, e.g., runs 13 and 15, or runs 28 
and 27. In the latter two runs the partial pressures of 
the compound are 0.05- and 0.30-mm Hg (the other 


TABLE I. Benzy] chloride. 








T°K 
956 
960 
988 


Dibenzyl/HCl 


0.96 
0.93 
0.99 


mp of dibenzyl 


51°C 
49-51°C 
45-49°C 











variables remaining essentially constant), and the first- 
order rate constants interpolated to the temperature of 
982°K (interpolation by 2° only) are 0.450 and 0.449 
sec—!, respectively. The variation of the partial pressure 
of toluene by a factor of three also leaves unaffected the 
magnitude of the rate constants, see e.g., runs 30 and 32. 
In these runs the partial pressures of toluene were 6.65- 
and 19.9-mm Hg, respectively, while the corresponding 
rate constants were 0.466 and 0.479 sec~ (the latter 
value being obtained by interpolation of the results 
from 981°K to 982°K). Finally, it appears that the 
unimolecular rate constants are not affected by the 
variations in the time of contact, which was changed 
from about 0.3 sec to just above 1 sec. 

The homogeneity of the reactions was checked by 
carrying out the pyrolysis in a reaction vessel packed 
with silica wool, the latter increasing the surface by a 
factor of eight. The corresponding runs are denoted in 
Table II by the letter P, and are marked in Fig. 1 by full 
points. It appears that there is a slight heterogeneity of 
the reaction amounting to about 9 percent of the total 
reaction. 

The activation energy of the reaction was obtained in 
the usual way by plotting logs of first-order rate con- 
stants against the reciprocal of temperature. The plot, 
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TABLE II. Benzyl chloride. 








PphCH:C! PToluene Time of con- Percent 
mm Hg tact (sec) decomp. 


11.2 
10.7 
11.2 
11.2 
11.2 
11.3 
18.1 
10.3 
11.3 
10.4 
10.5 
10.8 
10.7 
9.95 
19.9 
6.65 
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presented in Fig. 1, leads to a straight line corresponding 
to an activation energy of 68 kcal/mole and a frequency 
factor of 6.810" sec. The slight heterogeneity of this 
reaction may call for some correction of the activation 
energy. Maximum correction amounts to 2.1 kcal/mole, 
leading to an activation energy of 70 kcal/mole and a 
frequency factor 2.310" sec. 

The investigation of the pyrolysis of benzoyl chloride 
was carried out in a manner very similar to that of the 
pyrolysis of benzoyl bromide, and the reader is again 
referred to a previous paper‘ for all the details of experi- 
mental technique. It was shown in this paper* that 


BENZYL CHLORIDE 


E= 68 kcals/mole 
V=68xl0 sec. 
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TABLE III. Stoichiometry of the decomposition of benzoyl chloride. 











co Benzoic acid HCl total 
Run millimoles millimoles millimoles HC1/(CO+PhCOOH) 
13 0.358 0.308 0.584 0.88 
28 0.490 0.094 0.583 1.00 
| 29 0.450 0.264 0.615 0.86 
30 0.437 0.443 0.818 0.93 








benzoyl bromide decomposes according to Eq. (4). 
Ce.Hs- CO- Br-—CeH;- CO+Br, (4) 


this reaction being followed by a rapid decomposition of 
the CsH;-CO radical, namely 


CeHs-CO-C.H;+ CoO. (5) 


Bromine atoms and pheny] radicals abstract hydrogen 
from toluene, and thus hydrogen bromide and benzene 
are formed.’ One can use, therefore, the rate of forma- 
tion of carbon monoxide, as well as the rate of formation 
of hydrogen bromide, as a measure of the rate of the 
initial dissociation (4). Technical reasons, explained 
fully in reference 4, make the rate of formation of carbon 
monoxide a more satisfactory measure for the rate of the 
initial dissociation (4) than the rate of formation of 
hydrogen bromide. We found that the same reasons 
applied to our case, and thus we measured the rate of the 
dissociation reaction 


CeH;-CO-Cl-CeH;:CO-+Cl (6) 


by the rate of formation of carbon monoxide [reaction 
(6) is followed by the rapid reaction (5) ]. 

The correctness of the suggested mechanism for the 
decomposition of benzoyl bromide was proved in the 
following way. The number of moles of benzoyl bromide 
introduced into the reaction vessel is measured directly. 
If the assumed mechanism is correct, then the number 
of moles of carbon monoxide formed in the pyrolysis, 
together with the number of moles of benzoic acid 
formed by the hydrolysis of the undecomposed benzoyl 
bromide, should add up to the number of moles of 
benzoyl! bromide introduced initially. The same should 
be true for the number of moles of hydrogen bromide 
formed in the pyrolysis and in the hydrolysis of the 
recovered benzoyl bromide. These stoichiometric equa- 
tions were fully confirmed by special experiments (see 
reference 4). We applied the same checking technique in 
our present work; the results are given in Table III. 

All the kinetic data obtained in the study of the pyro- 
lysis of benzoyl chloride are summarized in Table IV. 
The percentages of decomposition and the first-order 
rate constants are calculated on the basis of the amount 
of carbon monoxide produced in the pyrolyses. Inspec- 
tion of Table IV shows that the magnitude of the first- 
order rate constants is not affected by changes of partial 


7 Part of the phenyl radicals recombine with benzyl] radicals, 
present in the system as results of reactions, such as, e.g., reaction 
(2), and form diphenyl methane. 
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pressure of benzoyl chloride, of partial pressure of 
toluene, or of time of contact. The partial pressure of 
benzoyl chloride was varied by a factor of nine (from 
0.03- to 0.28-mm Hg, see e.g., runs 28, 29, 14). The 
partial pressure of toluene was varied by factor of three 
(from about 6.7-mm Hg to 21-mm Hg; see, e.g., runs 18, 
17). The time of contact was increased from about 0.3 
sec to about 1.0 sec. The homogeneity of the reaction 
was checked by increasing the surface of the reaction 
vessel by a factor of eight. A minute heterogeneity was 
observed amounting to about 6 percent of the total re- 
action (see runs 31P and 32P denoted by full points on 
Fig. 2). 

The temperature dependence of the rate constants is 
illustrated in Fig. 2. The activation energy was found to 
be 73.6 kcal/mole corresponding to a very high fre- 
quency factor, namely 2.410" sec". The slight 
heterogeneity of this reaction may call for some correc- 
tion of the activation energy. The maximum correction 
amounts to 1.3 kcal/mole, leading to an activation 
energy 74.9 kcal/mole and a frequency factor 12X10" 
coc. 


DISCUSSION OF BOND DISSOCIATION ENERGIES 


The stoichiometry and kinetics of the pyrolyses of 
benzyl chloride and of benzoy] chloride indicate that we 
measure the rates of decomposition of these compounds 
into radicals and chlorine atoms. The presence of 
dibenzyl® in the products of pyrolysis is particularly 


TABLE IV. Benzoyl chloride. 











Ppncoci Proluene Time of con- Percent 
Run : oy mmHg mmHg _e tact (sec) decomp. k sec 
7 971 0.27 10.6 1.00 6.1 0.063 
6 975 0.28 10.6 1.00 7.0 0.073 
12 975 0.26 10.6 0.99 a 0.074 
10 975 0.18 21.0 0.89 6.8 0.079 
11 977 0.25 10.8 0.99 7.4 0.078 
5 991 0.26 10.7 0.97 ea 0.134 
4 992 0.26 10.7 0.97 18.8 0.141 
32P 995 0.27 10.8 0.98 19.5 0.222 
SiP 995 0.23 10.9 0.98 20.5 0.234 
3 1004 0.25 10.6 0.945 19.6 0.231 
2 1005 0.26 10.9 0.95 20.1 0.235 
9 1008 0.09 10.7 0.98 re | 0.256 
a. 1008 0.12 10.9 0.97 22.6 0.264 
19 1027 0.14 6.6 1.01 38.3 0.476 
21 1027 0.10 9.8 0.31 14.1 0.494 
20 1028 0.10 9.9 0.31 14.9 0.526 
15 1028 0.27 10.7 0.95 40.4 0.545 
18 1029 0.14 6.7 1.02 41.2 0.521 
17 1030 0.12 21.0 0.85 38.4 0.571 
16 1031 0.12 21.0 0.85 38.1 0.566 
14 1032 0.25 10.8 0.955 42.1 0.572 
30 1034 0.10 10.9 0.91 43.7 0.633 
29 1034 0.10 10.9 0.93 45.0 0.645 
28 1036 0.03 11.0 0.94 49.0 0.715 
24 1072 0.09 10.1 0.30 48.9 2.27 
27 1072 0.10 10.0 0.29 49.3 2.35 
25 1073 0.08 10.0 0.29 51.8 2.49 
26 1074 0.10 10.1 0.29 50.8 2.43 
23 1076 0.09 10.1 0.29 53.7 2.64 
22 1080 0.10 10.0 0.29 56.7 2.91 








§ Dibenzyl isolated from products of pyrolyses of benzoyl 
chloride is contaminated with diphenylmethane. 
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DETERMINATION OF SOME C-Cl 


significant and demonstrates that the reaction indeed 
involves radicals. The only disturbing features of these 
decompositions are the high values of the frequency 
factors which amount to 10'*—10"* sec.’ Extensive 
studies of the pyrolyses of organic bromides showed that 
the frequency factors for reactions of the type 


R-Br—R+Br 


are of the order 10" sec (i.e., 1.10'*— 5.10" sec). It is 
reasonable to expect that the frequency factors for 
reactions 


R-Cl>R-Cl 


would be somewhat higher ; however, the values actually 
found seem to be excessively high. It appears that this 
problem should be left until more experimental data are 
available. 

On the other hand, the activation energies determined 
in this work agree excellently with the values found in 
the studies of the corresponding organic bromides. If we 
assume that the recombination process 


R+Cl-R:-Cl 


does not require any activation energy, then we have to 
conclude that the observed activation energies corre- 
spond to the respective bond dissociation energies, i.e., 


D(C.H;-CH2— Cl) = 68 kcal/mole, 
and 
D(C.H;:CO- — Cl) = 73.6 kcal/mole. 


Now, the difference between the R—Cl bond dissocia- 
tion energy and the R—Br bond dissociation energy is 
given by the difference in the heats of formation of 
gaseous chlorine and bromine atoms less the difference 
in the heats of formation of the parent compounds, i.e., 


D(R—Cl)— D(R—Br)= AH, (Cl) — AH, (Br) 
+AH,(R-Br)—AH,(R-Cl). 
Fortunately, we have reliable data for the heats of 


formation of benzoyl bromide and benzoyl chloride.” 
Using these thermochemical data we conclude 


D(CsH;- CO— Cl) — D(C.sH;- CO— Br) = 16.5 kcal/mole. 
On the other hand, the directly determined values are 


D(C.H;-CO—Br)=57.0 kcal/mole, (see reference 4) 
D(C.Hs- CO—Cl)=73.6 kcal/mole, (this paper) 


and the difference is 16.6 kcal/mole."' The agreement is 
better than expected. 

The above calculations can be presented in a slightly 
modified form. Having values for bond dissociation 
energies, we may calculate the heats of formation of the 





"Introducing the maximum correction for the activation ener- 
gies increases the frequency factors to 2,3.10% sec! and 12.10% 
sec”, i.e., they are still higher! 

Carson, Pritchard, and Skinner, J. Chem. Soc. 1950, 656. 

The maximum correction for the heterogeneity of the reaction 
raises this value to 17.9 kcal/mole. 
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respective radicals. For example, the heat of formation 
of the benzoyl radical is given by the.equations 
AH,;(CsH;-CO-) = D(CsH;- CO— Br) 
+AH;(CsH;-CO-Br)—AH,;(Br), 
AH; (CsHs ° CO) = D(C,.H; . CcCo— Cl) 
+AH;(CsH;-CO-Cl)—AH,;(Cl). 
Using the values for the heats of formation of benzoyl 
bromide and of benzoyl chloride from reference 10, we 
obtain the following values for the heat of formation of 
the benzoyl radical : 
AH;(C.H;-CO)= — 15.6 kcal/mole, 
AH;(CsH;-CO) = — 15.7 kcal/mole.” 


(see reference 4) 


(present paper) 


We lack reliable data for the heat of formation of 
benzyl chloride, and thus we are unable to compare di- 
rectly the consistency of our data for D(CsH;- CH2—Cl) 
with the published value for D(CsH;-CH2—Br). How- 
ever, the review of available thermochemical data indi- 
cates that D(R—Cl)— D(R-—Br) for various radicals R 
is of the order 13—16 kcal/mole (see Table V). The 
directly determined values for D(CsH;-CH:—Cl) and 
D(C.Hs:CH2—Br) are 68 kcal/mole (this paper)" and 
50.5 kcal/mole (see reference 1). In view of the fact that 
the pyrolytic technique yields values for bond dissocia- 
tion energies which are on the whole reliable within +2 
kcal/mole, the agreement with the data quoted in 
Table V seems to be satisfactory. 

One point deserves some further discussion. The 
kinetic data and the stoichiometry of the pyrolyses of 
benzoyl chloride or benzoyl bromide do not permit the 
distinction between the two possibilities of initial reac- 


12 On introducing the maximum correction for the heterogeneity 
of the reaction, we arrive at AH;(Cs6H;-CO) = —14.4 kcal/mole. 
13Qn introducing the maximum correction for the activation 
energy, we arrive at the values D(CsH;*CH2—Cl) =70 kcal/mole. 
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TABLE V. 








D(R—Cl) —D(R —Br) 
R kcal/mole 


CH; 13.3 
CoHs 14.6 
t-butyl 13.9 
phenyl 15.4 
acetyl 14.7 
benzoy! 16.5 











tions, namely (A): 
C.sH;-CO-Cl—C.H;-CO+Cl, 
followed by the rapid reaction 


C.H;- CO—-C,H;+ CO, 
and (B): 
C.Hs . CO ’ Cl—C,;H;+ CO . Cl, 


followed by the rapid reaction 
CO-Cl—-CO+Cl. 


Such a distinction is possible, however, by comparison of 
the data obtained from the investigations of the 
pyrolyses of benzoyl chloride and benzoyl bromide. We 
have shown that, assuming the first alternative, i.e., the 
decomposition into a benzoyl radical and a halogen 
atom, we can derive values for the heat of formation of the 


benzoyl radical on the basis of either D(CsH;- CO— Cl) 
or D(CsH;-CO—Br). Both values agree well. On the 
other hand, assuming the second alternative, i.e., the 


decomposition into a phenyl radical and a CO-Cl (or 
CO-Br) radical, it can be shown that 


D(CO—Cl)—D(CO—Br) = —0.1 kcal/mole." 


Such a relation is unreasonable, and thus we have to 
conclude that the decompositions of benzoyl chloride 
and benzoyl! bromide are initiated by the dissociation of 
these molecules into benzoyl radicals and halogen 
atoms. 

Furthermore, a recent investigation of photosynthesis 
of phosgene by Burns and Dainton!® lead these authors 
to the conclusion that D(CO—Cl)=6.3 kcal/mole. 
From this data we derive the value —3 kcal/mole for 
the heat of formation of CO-Cl radical, and finally a 
value of about 96 kcal/mole for the Ph—CO-Cl bond 
dissociation energy. This value shows that the process 


Ph-CO:Cl-Ph-+CO-Cl. 


would have much too high an activation energy to 
account for the observed value for the decomposition 
of benzoyl! chloride and must therefore be regarded as 
further evidence in favour of the process 


Ph-CO-Cl—PhCO+ Cl. 


14 This conclusion is derived on the basis of thermochemical 
equations correlating the values of bond dissociation energies with 
the heats of formation of radicals. On introducing the correction 
for heterogeneity of the pyrolysis of benzoyl chloride, we arrive at 
the value of —2.2 kcal/mole for the difference D(CO—C1l) 
—D(CO—Br). Such a value is still less plausible. 

( 16 W, G. Burns and F. S. Dainton, Trans. Faraday Soc. 48, 39, 52 
1952). 
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The near infrared spectra of N2O'* and N'*N“O!* have been investigated using a high-resolution grating 


spectrometer. The a’s and hence the B, values for both isotopic species have been determined. From the B, 
values, the equilibrium N—N and N—O internuclear distances have been found to be 1.126A and 1.186A, 


respectively. 





INTRODUCTION 


” spite of the large number of investigations of the 
spectrum of N,O, up to the present, accurate inter- 
nuclear distances have remained unknown. The ac- 
curate By values obtained from recent microwave in- 
vestigations of a number of isotopes of NO have been 
used to calculate internuclear distances, but rather con- 
flicting results have been obtained from different 
pairs of isotopes.! This lack of agreement is caused by 
the zero-point vibrations of the molecules. In order to 
calculate the correct equilibrium internuclear distances, 
it is necessary to obtain the B values of the vibrationless 
equilibrium states for at least two isotopic species. 
These B, values can be obtained from an extrapolation 
of the rotational constants of the higher vibrational 
levels to the equilibrium state. Work along this line 
has already been done on N;“O in the photographic 
infrared by Herzberg and Herzberg.? The present work 
has extended the investigation of N2“O by analyzing a 
number of bands in the region from 4000 to 4700 cm“. 
In addition, a number of bands of N'!®N“O"* in the same 
region have been measured. These investigations have 
provided sufficient information to allow us to de- 
termine B, values for both isotopic molecules and 
hence to determine the equilibrium internuclear dis- 
tances. The measurements have also provided addi- 
tional information regarding the vibrational constants 
of the molecules. 


EXPERIMENTAL 


A mixture of 37-percent N»“O'® and 63-percent 
N®N¥O!6 was prepared by pyrolysis of Eastman ammo- 
nium nitrate in which the N'°H,N“O;'* content was 63 
percent. According to Richardson and Wilson? (see also 
Friedman and Bigeleisen),‘ the pyrolysis of this isotope 
of ammonium nitrate yields only nitrous oxide with the 
heavy nitrogen in the end position. About 3 liter of the 
gas was prepared and was examined in an absorption 
tube of 60 cm length and one-liter volume. 


* Contribution from the National Research Council of Canada. 
t National Research Laboratories Postdoctorate Fellow. 
_' (a) Coles, Elyash, and Gorman, Phys. Rev. 72, 973 (1947). 
(b) D. K. Coles and R. H. Hughes, Phys. Rev. 76, 178 (1949). 
(c) S. J. Tetenbaum, Phys. Rev. 88, 772 (1952). 
*G. Herzberg and L. Herzberg, J. Chem. Phys. 18, 1551 (1950). 
*W. S. Richardson and E. Bright Wilson, Jr., J. Chem. Phys. 
18, 694 (1950). 
(1956) Friedman and J. Bigeleisen, J. Chem. Phys. 18, 1325 
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The spectrum of the gas was recorded with a grating 
spectrometer which has been described by Douglas 
and Sharma.® The technique for measuring the wave- 
lengths of the lines was the same as that described in 
their paper, with high-order mercury lines and Fabry- 
Perot fringes being used as wavelength standards. All 
spectra were recorded at least twice, first with a 7000 
and then with a 15000 lines-per-inch grating in the 
spectrometer. The observed limit of resolution was 
about 0.12 cm~. The uncertainty in measurement of 
the relative positions of the lines in a band is believed 
to be not larger than 0.02 cm for unblended lines. The 
uncertainty on the absolute wave number determina- 
tion is larger but presumably not above 0.10 cm~. 

The rotational structure of the 2v;, 2v;+ 73, 
y+ 2vo+ V3, 2v3+ V2— V2, and the 2yi+ vat Vo— V2 bands 
(following Herzberg’s nomenclature®) have been meas- 
ured both for the N2“O'* and the N'=N“O'* molecules. 
In addition, the 4v2+ v3 and »;+ 2+ 3 bands of N20" 
have been measured, using an 8-m absorption path and 
3-atm pressure. The wave numbers of the lines of the 
bands are given in Tables I and II. 


ANALYSIS 


The B values of both the upper and lower states of 
the bands can be obtained from the combination 
differences A2F (J). In order to test the accuracy of the 
present work, the ground-state constants By and Do 
were determined from the mean ground-state combina- 
tion differences. Since the 4v2+ v3 band is quite weak and 
the lines of the R branch of the 2v;+- v3 bands appear to 
be slightly systematically shifted by the overlapping 
lines of the hot band, these bands have been omitted in 
the determination of the mean combination differences. 
For N2"O the values obtained are By= 0.41898-+-0.00005 
cm~ and Do= (0.18+0.02)10-* cm~. These results 
agree well with the microwave values of By=0.419014 
cm and Do=0.19X10-* cm™ (using the velocity 
of light c=299790). For N'*N*O'* our data give 
Bo=0.40493+0.00010 cm and Do= (0.15-0.03) x 10-* 
cm7!, again in agreement with the microwave value of 
By= 0.404860 cm and the calculated value of Dp=0.16 
<10-* cm. 

Though the B values of the bands may be obtained 

5 A. E. Douglas and D. Sharma, J. Chem. Phys. 21, 448 (1953). 


6G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand 
Company, Inc., New York, 1947). 
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from the combination differences, more accurate upper- 
state B values can be found by determining the differ- 
ence B’— B” from the combination sums and accepting 
the accurate microwave values of B’’. A plot of R(J—1) 
+P(J) plotted against J? will (neglecting a small term 
in D’/—D”) give a line with a slope of 2(B’— B’’) and 
an intercept of 2v9 (reference 6, page 391). In this way 
the upper state B values of all bands originating in the 
ground state were determined. For the hot bands the 
B values were determined from the combination differ- 
ences A,F(J). The B values and the positions of the 
band origins determined in this work are given in Table 
II. 

The B values of a linear triatomic molecule such as 
N.O are given by 


Boywovg= Be— ay (11 +4) — ara (vo+ 1)—a3(v3+3). (1) 


From this expression it follows that the difference be- 
tween the upper- and lower-state B values (B’/— B”’) 
of any band depends upon the values of the a’s and the 
vibrational numbering of the band. Conversely, the a 





values can be determined from the differences B’— 8” 
of suitable bands. As discussed above, these differences 
in B values can be obtained accurately from the ob- 
served bands. 

Equation (1) shows that B.= Booot+}(ai+2a2+a:). 
Hence, to determine B, from the accurately known Booo, 
we require the sum a;+2a2+a; rather than the indi- 
vidual a values. It also follows from Eq. (1) that the 
difference B’— B” for the v:+2v2+ 3 band is just this 
sum a;+2a2+a3. Thus, insofar as Eq. (1) is valid, the 
simplest and most accurate way of determining B, is to 
combine the sum a;+ 2a2+a3 found from the v}+ 272+ p; 
band with the accurate microwave values of Booo. The 
values of B, given in Table IV have been determined in 
this way. The remaining bands have been used to calcu- 
late the individual a values. 

Only one band showing a Q branch was measured, 
namely the »;+ 72+ 73 band of N2“O'*. This band corre- 
sponds to a II—2 transition. As is well known, the 
molecular rotation splits the degeneracy of the II level 
giving rise to the so-called /-type doubling. There are 
thus two effective B values for the IT level; the values 











TABLE I. Wave numbers of the lines of N2!4O'® bands. (vac, cm™). 










































2vitvs 2vitvetv3—ve vit2ve+vs 4vet+vs 
vo = 4730.86 vo = 4730.46 vo = 4630.31 vo = 4491.65 
J R(VJ) P(J) R(J) P(J) R(J) P(J) R(J) P(J) 
0 4731.70 
1 32.50° 4730.02 
2 33.28 29.17 4632.76 4628.61 
3 34.07 28.31 33.58 27.74 4494.90 
4 34.85 27.45 4734.42 34.35 26.86 95.77 4488.24 
5 35.60 26.54 35.20 4726.14 35.14 25.98 96.62 87.38 
6 36.34 25.64 35.94 25.22 35.91 re 97.43 86.60 
7 37.07 24.73 24.31 36.68 24.27 98.20 85.73 
8 37.78 23.78 23.38 37.44 23.35 99.03 84.86 
9 38.49 22.83 38.10 22.44 38.18 22.44 4499.83 84.00 
10 39.17 21.87 21.47 38.94 21.53 4500.63 83.11 
11 39.85 20.89 20.48 39.67 20.60 01.45 82.24 
12 40.49 19.89 19.49 40.42 19.67 02.22 81.37 
13 41.13 18.90 18.49 41.10 18.71 02.99 80.48 
14 41.77 17.88 17.51 41.81 17.79 03.79 79.63 
15 42.39 16.85 16.48 42.51 16.82 04.56 78.74 
16 42.99 15.81 15.43 43.19 15.85 05.35 77.83 
17 43.58 14.76 14.38 43.86 14.86 06.13 76.93 
18 44.14 13.70 13.34 44.55 13.88 06.88 76.04 
19 44.70 12.60 12.28 45.23 12.90 07.64 75.16 
20 45.26 11.51 11.18 45.88 11.90 08.40 74.23 
21 45.78 10.41 10.10 46.53 10.88 09.13 73.29 
22 46.32 09.27 08.92 47.16 09.86 09.91 72.39 
23 46.85 08.12 47.79 08.84 10.67 71.47 
24 47.32 06.97 48.41 07.82 11.37 70.55 
25 47.74 05.80 49.02 06.77 12.12 69.59 
26 48.26 04.59 49.65 05.70 12.88 68.71 
27 48.70 03.43 50.22 04.63 13.60 67.75 
28 49.15 02.24 50.80 03.57 14.30 66.82 
29 49.58 4700.98 51.38 02.48 15.00 
30 49.99 4699.79 51.94 01.43 15.73 
31 50.38 98.50 52.48 4600.34 
32 50.77 97.26 53.05 4599.19 
33 51.14 95.99 53.59 98.09 
34 51.49 94.69 54.10 96.95 
35 51.84 93.23 54.62 95.82 
36 52.15 92.08 55.12 94.66 
37 52.47 90.76 55.66 93.55 
38 52.37 89.40 56.11 92.40 
39 53.06 88.07 56.63 91.20 


53.34 86.68 57.04 
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TABLE I—Continued. 














2v3 ve-+2v3—v2 vitvetrs 
vo =4417.51 vo = 4389.06 vo = 4062.09 

J R(J) P(J) R(J) P(J) R(J) QJ) P(J) 

0 4418.34 4062.93 

1 19.15 4416.68 63.72 

Z 19.96 15.81 64.55 

3 20.73 14.96 65.33 

4 21.50 14.07 4393.04 4385.61 66.13 4058.77* 

5 22.25 13.18 84.80 66.89 57.798 

6 23.00 12.28 83.84% 67.67 56.95% 

7 23.72 11.35 95.27 82.88 68.43 56.03% 

8 24.44 10.42 95.88% 81.93 69.18 55.108 

9 25.14 09.47 96.70 81.00 69.92 54.19% 
10 25.82 08.51 97.36 79.998 70.65 53.27 
11 26.49 07.52 98.09% 79.05 71.37 52.34 
12 27.15 06.54 98.70 78.07 72.06 51.38 
13 27.79 05.55 99.228 77.08 72.77 50.43 
14 28.42 04.52 4399.99 76.00 73.45 49.45 
15 29.03 03.49 4400.57 75.03 74.13 4061.12 48.48 
16 29.64 02.44 01.348 73.99 74.81 60.98 47.49 
17 30.22 01.38 01.80 72.92 75.45 60.86 46.50 
18 30.81 4400.31 02.428 71.848 76.12 60.70 45.49 
19 31.37 4399.24 02.95 70.76 76.76 60.54 44.46 
20 31.91 98.12 03.478 69.62 77.38 60.39 43.46 
21 32.45 97.01 04.03 68.52 78.01 60.20 42.41 
22 32.97 95.90 04.51% 67.43 78.61 60.02 41.37 
23 33.48 94.75 05.10 79.19 59.83 40.31 
24 33.97 93.58 05.534 79.79 59.63. 39.24 
25 34.43 92.46 06.04 80.38 59.46 38.17 
26 34.90 91.27 06.528 80.93 59.24 37.09 
27 35.34 90.05 06.95 81.50 59.01 36.00 
28 35.79 88.83 07.498 82.05 58.77% 34.89 
29 36.21 87.60 07.84 82.58 58.558 33.76 
30 36.62 86.39 83.11 58.29 32.65 
31 37.01 85.14 83.64 58.04 31.52 
32 37.39 83.87 84.15 57.79* 30.37 
33 37.76 82.58 84.64 57.53 29.22 
34 38.11 81.30 85.13 57.25 28.04 
35 38.44 80.01 85.62 56.95% 26.88 
36 38.77 78.68 86.08 56.66 25.70 
37 39.08 77.35 86.52 56.36% 24.50 
38 76.02 86.98 56.03% 23.27 
39 74.63 87.43 55.75 22.07 


73.29 


20.85 








® Blended lines. 


differing by a constant g. One of the B values (Ba) 
can be determined from the Q branch and the other 
(B.) from the P and R branches. The numbering of the 
P and R lines of the »:+ 2+»; band is straightforward. 
Because the Q branch cannot be resolved close to the 
origin, it is more difficult to find the correct numbering 
here. By trying different numberings and plotting 
Q0(J—1)+0(J)=2%+2(B’—B”)J? against J?, it was 
found that a straight line passing through 2y» (already 
known from the P and R branches) was obtained for 
only one numbering. The Q branch thus numbered was 
then used to determine one of the effective B values of 
the II state. It was found from the Q branch that 
B,=0.41489 and from the P and R branches that 
B,=0.41403 cm-!. The difference between these two 
B values gives the /-type doubling constant for the 111 
vibrational level: 


qiuu= 0.86X 107% cm7. 


The band origins in this work may be used to calcu- 
late some of the vibrational constants of NO. It has 








been found by Herzberg and Herzberg? that Fermi 
resonances make it impossible to represent the bands 
satisfactorily by any set of vibrational constants. 
Because of this difficulty, we have not attempted to 
determine a set of vibrational constants, from our 
limited data. The vibrational constant 223, however, 
should not be effected by Fermi resonances and may be 
determined from the wave number differences between 
the 2v; and the 2v3;+2—v2 bands. It was found that 
%93= — 14.2 cm™ for both N'°N“O and N2*O. This value 
is identical with that determined by Herzberg and 
Herzberg? from bands in the photographic infrared 
region. 
DISCUSSION 

From the values of B, for the two isotopic molecules, 
we can obtain the moments of inertia and hence the 
equilibrium internuclear distances. The B, values given 
in Table IV, and the fundamental constants of DuMond 
and Cohen’ have been used in this calculation. The 


7J. W. M. DuMond and E. R. Cohen, Phys. Rev. 82, 555 
(1951). 





A. E. DOUGLAS AND C. K. M@LLER 


TABLE II. Wave numbers of lines of N4*N“O!* bands. (vvac, cm7). 

















































2vitvs 2vitve+vs —v2 vit2ve+vs 2v3 vo +23 —ve2 
vo =4679.98 vo = 4680.55 vo = 4585.79 vo =4373.73 vo = 4345.34 
J R(J) P(J) R(J) P(J) RJ) P(J) R(J) P(J) R(J) P(J) 
0 4680.80 4374.61 
1 81.57 4679.17 4587.37 4584.45 75.30 
2 82.33 78.34 88.16 83.73 76.03 4371.87 
a 83.08 77.51 88.92 83.31 76.84 71.27 
4 83.84 76.67 89.64 82.54 77.57 70.43 
5 84.57 75.81 90.48 81.64 78.31 69.57 4349.97 
6 85.29 74.94 91.22 80.80 79.03 68.66 50.63% 
7 86.00 74.05 91.97 79.94 79.74 67.78 51.36 4339.40 
8 86.69 73.15 92.68 79.09 80.418 66.88 52.05 38.47 
9 87.36 72.24 93.44 78.20 81.09 65.97 52.83% 
10 88.04 71.32 94.168 77.31 81.758 65.03 53.37 36.59 
11 88.70 70.39 4670.93 94.85 76.43 82.408 64.07 35.70 
12 89.34 69.43 70.00 95.578 75.52 83.03 63.11 54.68 34.884 
13 89.96 68.47 69.01 96.26 74.61 83.67 62.16 55.30 33.76 
14 90.59 67.50 68.06 96.95% 73.69 84.258 61.18 32.76 
15 91.19 66.51 67.05 97.64 72.76 84.86 60.19 56.53 31.76 
16 91.76 65.51 66.04 98.27 71.84 85.438 59.17 57.13® 
17 92.34 64.49 65.02 98.95 70.88 85.99 58.14 57.68 
18 92.89 63.46 63.96 4599.615 69.94 86.55 57.11 58.16% 
19 93.44 62.43 62.95 4600.26 68.99 87.10 56.05 58.74 
20 93.99 61.36 61.90 00.888 68.03 87.62% 54.99 
21 94,528 60.30 60.81 01.50 67.04 88.14 53.93 59.80 
22 95.03" 59.23 59.74 02.148 66.06 88.648 52.81 
23 95.54 58.14 02.73 65.08 89.12 51.74 60.83 
24 96.01% 57.02 03.348 64.07 89.60 50.61 
25 96.49 55.90 03.92 63.07 90.054 49.47 61.73 
26 96.958 54.78 04.51% 62.05 90.51 48.31 
27 97.39% 53.64 05.07 61.02 90.94 47.18 
28 97.84 52.50 05.668 59.99 91.288 46.00 
29 98.278 51.33* 06.20 58.94 91.78 44.81 
30 98.65% 50.15 06.788 57.91 92.15 43.61 
31 99.07 48.96" 07.31 56.84 92.45% 42.38 
32 99.45 47.76% 07.83% 55.77 92.90 41.17 
33 4699.80* 46.53% 08.37 54.70 93.25 39.94 
34 4700.20 45.29 08.858 53.61 93.608 38.68 
35 00.55 44.048 09.34 52.50 93.90 37.43 
36 00.918 42.80% 09.85 51.40 94.21 36.13 
37 01.19 41.45* 50.31 94.51 34.83% 
38 01.49 40.278 49.17 94.77 33.54 
39 01.80 38.978 48.05 95.05 32.22 
02.22% 37.67% 95.30 30.80 















® Blended lines. 











numerical equations giving the internuclear distances Solving these equations gives 


in Angstrom units are: 


15.8490r?y_w+ 16.90137rn_nrn—o 
+16.90131?x_o= (66.4394+0.0030) The large errors in the individual internuclear distances 
16.6013r2x_n+17.7036rn_NnrN_o can be attributed to the fact that the coefficients of the 
+17.115272y_o= (68.7651+0.0040). two simultaneous equations giving the distances are 
quite similar. For any given value of one of the inter- 
TABLE III. Band origins and rotational constants. nuclear distances, the above equations fix the other with 

(Yvae, cm"). an error of much less than 0.001A. 

It has been pointed out by Herzberg and Herzberg’ 







ry_n=1.125740.0020A, ry—-o=1.18630.0020A. 


































Band aig Paty that the B values of N2O cannot be accurately 
inline 4062.09 0.41446 represented by Eq. (1) because of Fermi resonance and 
2vs 4417.51 0.412105 4373.73 0.39814. possibly other types of interaction. One may then 
jo as prose aaa 4585.78 0.40070, question whether the experimental accuracy in de- 
Qni+vs 4730.86 0.41213 4679.98 0.39842, termining an apparent sum a;+2a2+a3 from the 
ad al ae oes aan pm 0.399; v;+2v2+ v3 band does indeed lead to an accurate value 







of B,. It is certainly true that the v;+2v.+ v3 band is 4 
® For the 2v1-+v2—v2 bands of N24O!6 and N'5N4O!6, the values of B”’ member of the Fermi triad 2+ V3, Vit 2vo+ v3 and 


re 0.4196 and 0.4063, respectively. ‘ ° ° ° e 
*") For the 201-+»3-+2 —»2 band of Nz“O16, the value of BY” is 0.4189. 4yv2+ v3, and probably gains some of its intensity from 
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TABLE IV. Rotational constants and rotation-vibration interaction constants.* 








N2Mo1s 
Herzberg and 


Microwave> Herzberg* 


NUNMO!I6 
This 
invest. 


This 


invest. Microwave> 





Booo 0.419014 cm 0.419155 cm™ 
Dooo 0.19X 10-*§ cm™ 0.19 10-§ cm™ 
ay 1.79X 10-3 cm™ 
ae —0.22X 10-3 cm 
a3 3.39X 107-3 cm 
at 2art as 4.65 107-3 cm™ 
B, 0.4214; cm 


0.41898 cm= 
0.18X 10-§ cm™ 
1.72 10-3 cm 

—0.42X 10-3 cm™ 
3.45X 107-3 cm™ 
4.333 10-3 cm= 
0.42118,;4 cm 

a 66.439, 10” g/cm? 


0.404860 cm! 0.4049; cm 
0.15 10-§ cm 
1.54 10-3 cm 
—0.37X 10-3 cm™ 
3.36 10-3 cm™ 
4.15; 10-3 cm 
0.40693;4 cm= 
68.765: 10-® g/cm? 








® The last figure is printed in full size when the accuracy is well within one unit of the next to the last figure. If the accuracy is less, the last figure is a 


subscript. 
b See reference 1. 
¢ See reference 2. 
4 B. has been calculated from the microwave Bo and a1+2a2+a:. 


the 2v;+v3; band by this Fermi interaction. However, 
for N2“4O all three members of this triad have been 
measured and according to theory the value of 
(Boor + Bisit Boss) —3Booo= 3 (a1+ 2a2+a3) should not 
be perturbed. Our experimental value of a1+2a2+a3 
determined from the complete triad agrees with that 
determined from the »;+2v2+yv;3; band. This observa- 
tion might perhaps have been predicted since the 
y;+2vo+v3 band is the central member of a triad for 
which the perturbations in the B value should be less 
than for the other two members. Similarly, we should 
expect the sum a;+2a2+a; for N'*=N“O'* determined 
from the v;+2v2+v;3 band to be relatively free from 
Fermi perturbations. Therefore, though a detailed 
analysis of many bands would be necessary to make it 
absolutely certain that the a values given here are not 
influenced by some type of interaction which invalidates 
Eq. (1), the results appear to be quite reliable. 

For the »;+v2+»3 band, the mean value of the B’ 
from the two component sets of levels is 0.41446 cm= 
while the value calculated from the Booo and the a 
values given in Table IV is 0.41425 cm~. This differ- 
ence of 0.00021 seems to be beyond the experimental 
error and is probably caused by Fermi interaction of the 
n+ve+v3 level with the 3v2+ 7; level. Certainly the 
3y+v3 and the vi+ 72+; levels lie close together and 
a Fermi type interaction is to be expected. The calcu- 
lated B value of the 3v2+-y; level is higher than that of 
the v;+y2+yv;3 level and an interaction between the 
two could be the cause of the observed high B value‘of 
the latter. 

According to Nielsen,’ the g value of the v2 level is 


*H. H. Nielsen, Phys. Rev. 77, 130 (1950). 


given approximately by the expression 


2B2 dare? 
Joio= (1+). 


We w3”— we" 


Using B.= 0.421 cm™, wo= 596 cm and w3= 2276 cm™, 
this equation gives go10= 0.77 X10-* cm~. This value is 
in fair agreement with the observed value of qi1:= 0.86 
X10-* cm“. 

The values of a; and a; determined in this work agree 
quite well with those given in reference 2, but for ae 
the agreement is not good. There may be several reasons 
for this discrepancy, e.g., the Fermi resonance has been 
neglected in both cases and although this does not 
affect a:+2a2+a; seriously, it may affect the separate 
a; values, in particular a; and a. Furthermore, Herz- 
berg and Herzberg base their a2 value on measurements 
of bands with rather high quantum numbers 2 and 23, 
and, considering that a2 is small compared to a; and as, 
it may very well be that the neglect of higher power 
terms in 2, and v2 in Eq. (1) may cause a relatively 
large error in a. It is, however, interesting to note that 
Herzberg and Herzberg’s measurements of the 27,;+ 42 
+2v; band give ai+2a2+a;=0.00439 cm in fair 
agreement with the value determined here from the 
vit+2v2+v3 band: 0.00433 cm. It appears that the 
true value of a2 could best be determined by a micro- 
wave measurement of the B value of the 010 level.t 

We wish to thank Dr. G. Herzberg for much helpful 
advice during the course of this work. 

t Note added in proof —While this present paper was in press, a 
paper by H. W. Thompson and R. L. Williams (Proc. Roy. Soc. 
(London) A220, 435, 1953) appeared giving two values of a2; 
— 0.00026 and —0.00042 cm™. Their value of —0.00026 is not 
correct, since it is derived from the P and R branches only of a 
perpendicular band, and the /-type doubling has been neglected. 


If, however, their value of a2=—0.00026 is corrected by using 
qg=0.00086, then one obtains a2= —0.00069 cm. 
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Interpretation of the heat capacities of crystals is difficult when polyatomic molecules or ions are involved, 


owing to the variation with temperature of the translational heat capacity, arising from intermolecular 
vibrations, in the same regions in which rotational and vibrational heat capacities are also varying with 
temperature. It is shown how translational and rotational heat capacities may be studied separately in 
the case of ice where the heat capacities of both HO and D,O have been measured. Moments of inertia are 
nearly doubled by substitution of D for H, while the molecular weight is increased by only ten percent. 
Thus the effect of isotopic substitution is relatively large on the rotational heat capacity as compared to the 


translational heat capacity. 








N important deterrent to interpretation of heat 
capacity of polyatomic crystals is that effects 
arising from molecular translation (intermolecular 
vibration) are much more obtrusive than in gases where 
the translational heat capacity is fully excited and 
constant above a very low temperature. In crystals the 
translational heat capacity appears to merge into the 
heat capacity of other forms of motion to the extent 
that rotational and vibrational effects cannot be 
distinguished. 

The purpose of the present paper is to show how 
rotational and translational heat capacities can be 
studied separately in the case of ice where the heat 
capacities of both H,O and D.O have been measured. 
In a subsequent paper the same method will be applied 
to NH,Cl and ND.Cl. In both cases advantage is taken 
of the fact that moments of inertia are nearly doubled 
by substitution of D for H while the molecular and 
ionic weights are only slightly increased. The analysis 
leads to an approximate value for the librational fre- 
quency in each case in the temperature range below the 
transition region or, in the case of ice, below the melting 
region, i.e., the region in which forces restraining rota- 
tion are weakened. 

By separating the rotational or librational heat 








Fic. 1. The water molecule. 


‘Some of the material in this paper was presented at the 
Rochester Meeting of the American Chemical Society, April, 1938. 
Most of the calculations described in this pew were carried out 
while the author was a member of the staff of the Department of 


Chemistry, Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 
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capacity, one can also obtain a better understanding of 
translational effects in these relatively complicated 
crystals. 

Lord, Ahlberg, and Andrews? have calculated the 
heat capacity of deutero benzene from that of benzene 
using the Debye formula for both librational and trans- 
lational heat capacities. They were primarily interested 
in intramolecular vibrations, however, and did not 
seek the precision which we hope to attain in calcula- 
tion of the librational frequencies. 


LIBRATIONAL MOTION OF H:0 MOLECULES 
IN THE ICE CRYSTAL 


As a first approximation, it is assumed that the 
motion of H:O molecules in ice may be resolved into 
the following independent vibrations: (a) The trans- 
lational vibration of the centers of gravity about the 
equilibrium positions; (b) the rotational oscillation or 
libration of the rigid molecules; and (c) the internal 
vibrations of the constituent nuclei of the molecules. 
It is further assumed that all librational frequencies 
are equal not only for each molecule, but for all mole- 
cules. As will be shown, these assumptions are only 
partially correct, but they are sufficiently good to 
serve as a starting point for analysis of the heat capac- 
ities and, superficially at least, are surprisingly close 
to the conditions existing in the crystal. 

In the Pauling* model of ice, the HzO molecules retain 
their identity and are not ionized; they are held to- 
gether in an open structure largely by hydrogen bonds 
between the oxygen of each molecule and the hydrogens 
of two neighboring molecules. The water-vapor mole- 
cule may be incorporated into the tetrahedral arrange- 
ment of oxygens without appreciable distortion, and 
the hydrogens lie very nearly on the lines connecting 
the center of gravity of one molecule with the oxygens 
of two neighboring molecules. Thus, the rotational 
motion of the molecule results (at low amplitude) in 
motion of hydrogen perpendicular to the O—H line, 
and the motion is very similar to that of two pendulums 
moving in phase. 


2 Lord, Ahlberg, and Andrews, J. Chem. Phys. 5, 649 (1937). 
3 Linus Pauling, J. Am. Chem. Soc. 57, 2681 (1935). 
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For the sake of comparison of libration frequencies in 
ice and heavy ice three modes of libration may be con- 
sidered involving rotational motion around each of the 
principal axes of inertia. Expressions for frequencies 
will then have the form: 
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Where ky is a force constant such that for a rotational 
displacement through the angle, a, around the C axis, 
the restoring force on each hydrogen is kyrya. 

ko is a corresponding force constant for oxygen 
displacements. 

I4, Ip, and Ic, are the principal moments of inertia 
of the H,O molecule, and the other symbols have the 
significance indicated in Fig. 1. 

In order to estimate the librational frequencies, it is 
necessary to make some assumptions about the origin 
of restoring forces. One might assume, for example, 
that all the restoring forces arise from stretching of 
hydrogen bonds, and that the hydrogen bond force 
constant is the same in both ice and heavy ice; or one 
might assume that restoring forces are proportional to 
displacements from the equilibrium positions and that 
the same force constants apply to oxygen displacements 
as to hydrogen displacements. Either set of assumptions 
leads to frequency expressions such that the average 
librational frequency for heavy ice is 2—} times that for 
ordinary ice. A simpler assumption is that the numer- 
ators will be roughly equal for ice and heavy ice. The 
corresponding frequencies would then be inversely 
proportional to the square roots of the moments of 
inertia. This assumption has been used in the following 
discussion. 

On this basis, and neglecting interactions between 
librators, the librational frequencies differ among them- 
selves by less than 10 percent for ice and less than 20 
percent for heavy ice. Thus, the librational heat capac- 
ity may be represented to a good approximation by an 
Einstein function for three degrees of freedom with a 
single value of 6;. Similarly, the librational heat capacity 
of heavy ice may be represented by an Einstein function 
with a single value for 62 such that (6;/62)= (I2/I;)3 
where J; is the average of the three moments of inertia 
of H,O, (I4+72+Ic)/3, and I» is the average of the 
three moments of inertia of D.O. 

This relationship provides a simple method of esti- 
mating the difference between the librational heat 
Capacity of ice and that of heavy ice as may be seen by 
teferring to Fig. 2. Here the librational heat capacity 
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Fic. 2. The Einstein heat capacity function for two librators, 
characteristic temperatures for which differ by the square root 
of 2. The difference between the two curves is also shown. 


in units of 3R is plotted against log#;/T so that the 
curve for heavy ice can be obtained from that for ice 
simply by moving the curve parallel to the axis of 
abscissas by 3 log 2. (In the case of ice, the displacement 
along the log 6/T axis is only 3 log 1.9, since the moments 
of inertia* of D.O are on the average 1.908 times as 
great as those of H.O.) The difference between the two 
curves may be calculated readily using a table of values 
of the Einstein function,® and the difference is shown 
also in Fig. 2 plotted vs log 6/T. 

The observed difference between the C,’s of ice® and 
heavy ice‘ may be compared with the difference calcu- 
lated by the method of the preceding paragraph using 
6,=945°(v»=660 cm“) without any corrrection for trans- 
lational or vibrational (intra molecular) heat capacities, 
or for C,—C,. Since the isotope effect on these quanti- 
ties is relatively slight as compared with the effect of 
librational heat capacities, a fair comparison with ex- 
perimental data may be made without taking transla- 
tion, vibration, and (C,—C,) into account. 

In the region from 100° to 200°K the agreement with 
the Einstein function with a single @ is quite satisfactory 
(average deviation, 3 percent of the difference in heat 
capacity), since only one parameter, namely 6, was 
chosen in obtaining a fit with the data. The departure 
of observed points from the curve below 100°K may be 
attributed at least in part to translational effects, and 
the departure at temperatures above 200°K may be 
attributed to intramolecular vibrations, to small differ- 
ences in C,—C, and to the change in the librational 
frequency with temperature. Each of these effects will 
now be discussed separately. 


TRANSLATIONAL HEAT CAPACITIES OF ICE 
AND HEAVY ICE 


No satisfactory formula is available for calculating 
the shift in translational heat capacity to be expected 


4E. A. Long and J. D. Kemp, J. Am. Chem. Soc. 58, 1829 
(1936). 

5 An unpublished five-place table of values of the Einstein 
function compiled by Professor F. G. Keyes has been of great 
help in making these calculations. 

( 6 W. F. Giauque and J. W. Stout, J. Am. Chem. Soc. 58, 1184 
1936). 
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Fic. 3. The difference in heat capacity between heavy ice and 
ordinary ice. The broken lines represent the calculated values for 
the component parts of the heat capacity. The solid line is the 
sum of the broken lines and the points are obtained from the ex- 
perimental work of Giauque and Stout and Long and Kemp. 


from changing the molecular weight without changing 
the intermolecular forces. The Debye function does not 
apply strictly to a discontinuous medium, and the 
Debye @ does not correspond to any molecular vibra- 
tion.” However, since the Debye function describes the 
translational heat capacity of monatomic substances 
fairly well, and since the Debye @ varies with the in- 
verse half-power of the atomic weight,® an attempt has 
been made to calculate the difference between the trans- 
lational heat capacity of heavy ice and that of ice from 
the Debye function.’ The calculated curve is shown 
in Fig. 3 along with the curve for the calculated differ- 
ence for vibrational heat capacity and the calculated dif 
ference in librational heat capacity which fits best when 
translation and vibration are taken into account. The 
appropriate Debye 6’s for translation were obtained 
directly from the heat-capacity curves (in preference 
to the difference curve) in the following way: The 
librational heat capacity calculated from the Einstein 
function with 6=1040°(vy=723 cm™) was subtracted 
from the observed C, of ice and a Debye curve was 
fitted to the remainder as shown in Fig. 4. The Debye 
6 so obtained, 315°, was used in calculating the transla- 
tional difference curve in Fig. 3. 

The poor agreement between the Debye curve and the 
“residual” measured values in Fig. 4 may be attributed 
in part to failure of the Debye theory at the lower 
temperatures, and in part to interaction of translational 
motion with the zero-point libration of HO molecules 
in the crystal. The latter effect may be of appreciably 
different magnitude in the D.O crystal owing to the 
much lower zero-point energy in this case as compared 
to the H,O crystal. 


HEAT CAPACITY OF INTRA-MOLECULAR VIBRATION 


The only mode of internuclear vibration appreciably 
excited below the ice point is that of the bending 
motion in the water molecule which has the frequencies, 
1595 cm™, in water vapor,” and 1179cm™ in D.O 


7M. Blackman, Proc. Roy. Soc. (London) A148, 365; A149, 117 
(1935). 

8 See, for example, A. Magnus, Z. physik. Chem., Bodenstein 
Festband, 273-82 (1931). 

9 J. A. Beattie, J. Math. and Phys. 6 (1926). 

1 FE. K. Plyler and W. W. Sleator, Phys. Rev. 37, 1493 (1931); 
H. H. Nielsen, Phys. Rev. 59,§565 (1941). 


BLUE 


vapor.!! While these frequencies may not apply strictly 


to the molecules in the crystal (as indicated by the 
Raman spectra of ice’), they may be used to estimate 
the difference in vibrational heat capacity between H,0 
and D,O at the relatively low temperatures involved. 
The calculated difference is shown in Fig. 3, and is 
presented along with other kinds of heat capacity in 
Table I. 


Ct. 
C,—C, for ice may be calculated from the formula 
C,—C,= VoTa?/B. 


Where V» is the molal volume, T is the absolute tem- 
perature, a is the volume coefficient of thermal expan- 
sion, and £ is the isothermal compressibility. Using 
the data given in International Critical Tables for 
—7°C, one obtains the value, 0.406 cal/deg mole for 
C,y—C, in ice. No data are available at lower tempera- 
ture, or for D,O, but the formula given by Lord, 
Ahlberg, and Andrews,? C,—C,=kC,?T (where k is a 
constant) may be used as an approximation for calcu- 
lating the difference in (C,—C,) for DO and H,0. 
Also, since C,—C, turns out to be a small fraction of 
the heat capacity, C, may be used instead of C, in the 
formula. Using the observed C,’s, and the value 
0.406 cal/deg mole for C,—C, in ice at —7°C, one 
obtains the values shown in Fig. 3, and presented in 
Table I. The same value of & has been used for D,0 
and H,0 although a more accurate calculation would 
probably require different k’s owing to the large differ- 
ences in zero-point energy in D,O and H;0. 


COMPARISON OF HEAT-CAPACITY DATA 
WITH RAMAN DATA 


Raman spectra of ice by Hibben and by Cross, 
Burnham, and Leighton” both show a strong sharp line 
at about 600 cm™, and this line is identified by the 
latter authors with librational motion. Since the value 
obtained from heat capacities is 660cm™ (723 cm 
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Fic. 4. Translational heat capacity of ice obtained from the 
experimental] values by subtracting the librational heat capacity 
calculated from an Einstein function with 6= 1040°. This result 1s 
compared with a Debye function with 6=315° and with a Debye 
function to which the calculated values of Cp—C, have been added. 


il £, F. Barker and W. W. Sleator, J. Chem. Phys. 3, 660 (1953). 
2 J, H. Hibben, J. Chem. Phys. 5, 166 (1937); Cross, Burnham, 
and Leighton, J. Am. Chem. Soc. 59, 1134 (1937). 
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TABLE I. Calculated and observed difference in heat capacity, [C,(D2O) —C,(H20) ]/3R. 








AC») AC») 


AC.) 
3R 3R 3R 


A(Cp —Cr) A Cp(calc) A Cp(Exp) 
3R 3R 3R 





0.003 
0.010 
0.020 
0.027 
0.032 
0.030 
0.026 
0.022 
0.015 
0.010 
0.008 
0.006 


0.000 
0.001 
0.007 
0.028 
0.060 
0.138 
0.192 
0.212 
0.214 


0.000 
0.001 
0.005 
0.015 
0.017 


0.003 0.007 
0.010 0.010 
0.020 0.010 
0.027 0.014 
0.033 0.017 
0.037 0.027 
0.054 0.042 
0.082 0.084 
0.160 0.160 
0.220 0.219 
0.255 0.250 
0.262 0.266 


0.000 
0.001 
0.006 
0.013 
0.020 
0.025 








when translation is also taken into account as in Fig. 3), 
it appears that the librational frequency is not a con- 
stant above about 200°K, but decreases with rising 
temperature, and the values observed in Raman spectra 
are those prevailing not far from the melting point. 
Observations of the Raman spectrum of ice at lower 
temperatures, and also of the Raman spectrum of 
heavy ice would be of assistance in elucidating this 
point. The rise of the observed heat capacity above 
calculated values near the melting point, as shown in 
Fig. 4, may well be associated with the rapidly changing 
librational frequency. 


CONCLUSIONS 


The close agreement of the calculated heat capacities 
with the experimental data is undoubtedly fortuitous. 


However, since only one parameter was chosen to ob- 
tain a fit with the librational heat capacity, which gives 
rise to the bulk of the difference between the heat 
capacities of ice and heavy ice, it seems reasonable that 
the model chosen for the system of librators is not very 
far from the true model. This means that the individual 
librators do not interfere very much with each other 
and that the spectrum of frequencies is not very broad. 
It appears also that interaction of libration with other 
degrees of freedom is not very important except in the 
low-frequency range. 

At any rate, the heat capacity promises to be of 
value, along with the entropy, the dielectric constant, 
Raman and infrared spectra, and x-ray and neutron 
diffraction data, in the search for true models of 
crystals containing hydrogen. 
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Dielectric constant and loss measurements have been made for liquid and solid hydrogen chloride in the 


temperature range 63-190°K and frequency range 20 cps to 10° cps. The dielectric constants of the liquid and 
disordered solid phase stable above 99°K are described quite accurately by Onsager’s equation. Below 99°K 
a slight dispersion with activation energy of 2.6 kcal/mole is found with dielectric constants in the range 
3.7-4.3. Special precautions against sample inhomogeneity were necessary ; these and various residual effects 


are discussed. 


I. INTRODUCTION 


HE dielectric properties of solid hydrogen chloride 
have been the subject of investigation by a 
number of workers and are of interest because of the 
evidence they can give concerning the nature of the 
two solid phases. Following Pauling’s discussion! of free 
and hindered rotations, Cone, Dennison, and Kemp? 
reported an irregular variation of the dielectric con- 
stant, measured at 3 Mc/sec, from a value 11.1 at the 
melting point to 9.9 at the 99°K phase transition, below 
which a constant, low value of about 3 was found. 
Smyth and Hitchcock* found somewhat larger values at 
audio- and low radio-frequencies in the high-tempera- 
tures phase, and the possibility was thus suggested that 
the difference might be due to dielectric dispersion at 
radio-frequencies. Kanda‘ found intermediate behavior 
at a frequency of 1 Mc/sec, and attributed the decrease 
in dielectric constant below the melting point to in- 
creasing “crystallinity” of his sample. 

Hettner and Pohlmann® found no evidence of dis- 
persion in the high-temperature phase in the range 
60 kc/sec to 10 Mc/sec, but their results were not in 
very good agreement with any of the other work. They 
did observe small but definite dispersion and loss in the 
low-temperature phase between 86 and 95°K, but it is 
not easy from their graphs to characterize the nature of 
the relaxation process very definitely. In the course of 
our work, Phillips* reported quite extensive measure- 
ments which gave evidence of dispersion at frequencies 
below 10 kc/sec; he suggested, however, that the effects 
might be a consequence of electrode polarization rather 
than a genuine relaxation process characteristic of the 
dielectric. 

The values reported by the various workers are 
plotted in part in Fig. 1, and it is evident that no very 


* This paper is based on a thesis submitted by R. W. Swenson 
in partial fulfillment of the requirements for the Ph.D. degree. 

f Now with the E. I. du Pont de Nemours and Company, 
Photoproducts Department, Parlin, New Jersey. 

1. Pauling, Phys. Rev. 36, 430 (1930). 
( 2 Dennison, and Kemp, J. Am. Chem. Soc. 53, 1273 

1931). 

3C, P. Smyth and C. S. Hitchcock, J. Am. Chem. Soc. 55, 
1830 (1931). 

4E. Kanda, Bull. Chem. Soc. Japan 12, 473 (1937). 

5 E. Hettner and R. Pohlmann, Z. Physik 108, 45 (1938). 

6 C. S. Phillips, J. phys. et radium 13, 216 (1952). 
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definite conclusions can be drawn from them. None of 
the previous explanations of the discrepancies or of the 
general behavior seems very satisfactory, and the 
present investigation was undertaken to obtain a better 
knowledge of the true behavior. 

On the basis of previous experience with solid hydro- 
gen bromide,’ it was clear that sample inhomogeneities 
could cause considerable error in the present problem 
where dielectric constants of order ten or more are 
involved. It is also clear, however, that not all of the 
differences shown in Fig. 1 can be attributed to this 
cause alone, as values reported for the liquid, for which 
no such effect should occur, are also in poor agreement. 
A rather detailed study with attention to various 
possible sources of error therefore seemed necessary if 
reliable results were to be obtained. 
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Fic. 1. Dielectric constants of hydrogen chloride reported by 
various workers. Dashed curve from present research, solid curves 
from other measurements. The numbers in parentheses indicate 
references in the text, and frequencies of measurement are 4s 
indicated by the curves. 











7 N. L. Brown and R. H. Cole, J. Chem. Phys. 21, 1920 (1953). 
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In this investigation, it was found possible by suitable 
design and precautions to obtain reproducible dielectric 
constant values in the high-temperature solid phase, 
and a plausible explanation of the low-frequency dis- 
persion can be advanced. Results from the low-tem- 
perature phase were not as reproducible, we believe 
because of crystalline anisotropy, but were sufficiently 
consistent to be significant. 


Il. EXPERIMENTAL 


The general experimental procedure was in most 
respects an evolution from that devised for the earlier 
work on hydrogen bromide (reference 7, hereafter 
referred to as I). In particular, the details of electrical 
measurements and of temperature control and measure- 
ment were the same except for minor refinements which 
need not be described here. 
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Fic. 2. Section of parallel plate condenser of cylindrical form. 
The guarded electrode is clamped between the solid backing plate 
and the rectangular guard ring and insulated from them by 5-mil 
Teflon gaskets. Grounded shielding of high and low electrode 
leads not shown. 


The basic cell design embodied the principle pre- 
viously employed of overcompensating lateral contrac- 
tion of the solid between the measuring electrodes, this 
being accomplished by use of Teflon disks supporting 
the electrodes at a distance several times the electrode 
separation. The main difference between the present 
cell, shown in Fig. 2, and the designs of I is a more 
positive means of positioning the low-potential, guarded 
electrode in its confining guard ring by a sort of 
“sandwich” construction using a Teflon insulating 
gasket and backing. The electrode spacings of 1.5 and 
3 mm resulted in geometric capacitances of approxi- 
mately 2.8 and 1.5 wuf. With the Teflon disk spacers 
used, corresponding thermal expansion coefficients of 
the electrode gap were found from capacitance measure- 
ments to be 650 and 300 10-* °C—. The former figure 
was large enough to make possible reproducible meas- 
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Fic. 3. Static dielectric constant data obtained in the present 
work. The uppermost solid curve is the reproducible limiting one; 
the lower irregular curves result from sample voids. 


urements of properly frozen solid samples, but the latter 
was not. Measurements using the larger spacing were 
useful, however, in confirming values for the liquid and 
in studying the low-frequency dispersion below the 
melting point. 

The starting material was compressed gas from the 
Mathiesen Company of better than 99-percent stated 
purity, the chief contaminant being acetylene. The gas 
admitted to the system, previously evacuated to 10~° 
mm Hg, passed through two glass wool entrainment 
traps cooled in a CO;-isopropanol slush to a distillation 
trap, and then was distilled into the cell assembly. 
Corrosion of the brass cell material by a liquid or solid 
was undetectable if the cell was thoroughly cleaned and 
pumped out after electropolishing, and the final color- 
less liquid in the cell had specific conductivity of 
10-7 mho/cm or less in all cases. 

The freezing process found to give reproducible 
samples most consistently was a fairly rapid one in 
which a brass block surrounding the cell was kept about 
thirty degrees below the melting point, and under these 
conditions the sample froze in less than five minutes. 
Much faster or slower freezing produced samples whose 
measured capacitances dropped erratically and usually 
quite abruptly. The nature of these failures is shown 
in the plot of Fig. 3 of apparent dielectric constants of 
a number of samples. The upper curve was substan- 
tially duplicated by data above 10 kc/sec for a number 
of samples and was never exceeded. 

The deviations shown in Fig. 3 are of the sort en- 
countered in I and are similarly explained as the result 
of imperfectly homogeneous samples. They are also of 
the same form as the curves of various earlier investi- 
gators shown in Fig. 1, although these latter curves show 
much larger differences, as would be expected for experi- 
mental arrangements making no allowance for thermal 
contraction of the dielectric. The failure to obtain satis- 
factory samples on all occasions in the present work is, 
we believe, to be attributed to the formation, as the 




































TABLE I. Interpolated values of the static dielectric constant for 
the liquid and solid phases of hydrogen chloride. 











T (°K) €0 T (°K) €0 

Solid phase I 130.0 18.7; 
62.4 3.72 140.0 17.4; 
70.0 3.78 150.0 16.30 
80.0 3.8 158.9 15.2; 
90.0 4.06 Liquid 

Solid phase IT 158.9 14.3 
98.4 24.70 160.0 14.25 

100.0 24.35 170.0 13.00 

110.0 22.20 180.0 12.05 

120.0 20.25 188.1 11.30 








sample was frozen, of interfaces which opened up on 
further cooling despite over-all compression by the 
electrodes. In nearly all cases, successful samples were 
perfectly clear and colorless at the melting point but 
became cloudy and ultimately opaque at lower tem- 
peratures. 


Ill. RESULTS 
A. Liquid 


Measurements of dielectric constant were made in 
four different runs using two different electrodes spac- 
ings. No dependence on frequency was observed in the 
range 1 kc/sec to 500 kc/sec, and the results were 
reproducible to within 1 percent. Interpolated average 
values are listed in Table I. Below 1 kc/sec, some dis- 
persion was observed of the sort characteristic of elec- 
trode polarization effects. 

The values obtained by us are somewhat higher than 
those of previous workers, particularly the earlier ones. 
The range of values at or near the melting point re- 
ported in the literature is from 8.85* to 13.1? as com- 
pared with our value of 14.3. Phillips® did not report 
numerical data, but a value of about 14 can be estimated 
from a graph in his paper. 

It is not possible definitely to assign the differences 
between the various reported results to impurity, errors 
of measurement or calibration, or other causes. In the 
present work, considerable pains were taken to preclude 
contamination and eliminate residual or systematic 
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Fic. 4. Curves of dielectric loss e’’ versus frequency in the low- 
temperature phase at temperatures as indicated (°K). 


8 Q. C. Schaefer and H. Schlundt, J. Phys. Chem. 13, 669 (1909). 
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errors. This, plus the excellent agreement of measure- 
ments with different samples and cell capacitances, 
gives us confidence in the accuracy of the results re- 
ported here. 


B. The High-Temperature Solid Phase 


As discussed in Sec. II, reproducible limiting dielectric 
constant values were obtained for this phase at fre- 
quencies above 10 kc/sec, with no evidence of frequency 
dependence in the range 10 kc/sec to 1 Mc/sec investi- 
gated. The reproducibility of data for five samples 
which exhibited no evidence of void formation was 
better than one percent, and interpolated values from 
these data are listed in Table I. 

Below 10 kc/sec, and especially near the melting 
point, frequency-dependent dielectric-constant and loss 
values were observed, much as in the results reported 
by Phillips® (see Fig. 1). A fair correlation was found 
between the conductance of the solid sample and the 
magnitude of rise of apparent dielectric constant at 
low frequencies, but there was no correlation of either 
with the specific conductance of the liquid before or 
after the solid measurements. 

It was suspected that, as Phillips conjectured, the 
observed effects were the result of electrode space- 
charge polarization effects set up by the solid state con- 
ductivity of the sample. To test this hypothesis, meas- 
urements were made near the melting point with the 
cell modification employing a 3- rather than 1.5-mm 
electrode separation, as one would expect less error 
from space-charge effects with the greater thickness of 
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Fic. 5. Complex dielectric constant locus of solid HCI at 78.0°K. 


sample. Although the spacing was too great to prevent 
noticeable effects of void formation at lower tempera- 
tures, the measurements were adequate to show that 
the low-frequency polarization effects were not sig- 
nificantly different for samples of comparable specific 
conductance. 

From these results, it seems necessary to conclude 
that the observed effects were not a consequence of 
electrode processes, but rather a bulk property of the 
sample. On the other hand, this and other evidence 
shows definitely that the effects are not intrinsic proper- 
ties of the crystalline solid. It was found that the 
deviations decreased with time at a given temperature, 
were markedly reduced on cooling and warming the 
sample, and were smaller for more slowly frozen 
samples. These observations are consistent with the 
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hypothesis that a form of interfacial polarization process 
at microcrystalline boundaries was responsible for the 
effects, and this is the best explanation we can offer 
of them. 


C. The Low-Temperature Solid Phase 


Measurements of dielectric constant and loss below 
99°K were made only on samples which exhibited con- 
sistent behavior at higher temperatures. The results 
for different samples were, even so, somewhat variable, 
the measured values differing by as much as 20 per- 
cent. 

While it is possible that some of the variability re- 
sulted from sample voids caused by the 4.5-percent 
density increase at the 99°K first-order phase transition, 
errors from this source would not be very large because 
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Fic. 6. Rate plot of relaxation time t versus reciprocal 
of temperature from 63 to 90°K. 











of the small value of the dielectric constant, which is 
less than 4.5. A more likely explanation is in terms of 
anisotropy of the dielectric constant and variability in 
the orientations of microcrystals composing the sample. 
Rough values of static dielectric constant are listed in 
Table I. 

Despite the variability of absolute values, the fre- 
quency range of the small but definite dispersion and 
loss was quite reproducible. Typical curves of dielectric 
loss versus frequency are shown in Fig. 4. A curious 
feature of these curves is the appearance at tempera- 
tures below 78°K of an unmistakable hump or shoulder 
ina frequency range centered at about 100 kc/sec with 
no determinable temperature dependence. This was 
observed for every sample studied, and no instrumental 
error capable of producing the effect could be found. 

Both the 100 kc/sec peak and the approximate 
character of the data make a detailed analysis of the 
form of the dispersion unwarranted. The complex plane 
Plot in Fig. 5 of typical data at 78°K suggests that the 
temperature-dependent dispersion is described by the 
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Fic. 7. Static dielectric constants of liquid and solid hydrogen 
chloride as a function of reciprocal absolute temperature. 
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circular arc function characteristic of hydrogen bromide 
(see paper I) and many solid dielectrics.® 

The dependence of relaxation time, defined as 1/27 
times the frequency of maximum loss e’’, on temperature 
is shown by the rate plot of Fig. 6, and is described by 
the equation 


7(sec) = 1.01 10-" exp(2620/RT). (1) 


Estimates of the limiting values of dielectric constant 
at high frequency can be made only roughly because of 
the necessary extrapolation and variability of the data, 
but give a value of about 3.2 without any significant 
temperature dependence 


IV. DISCUSSION 


The experimental dielectric constants for both the 
liquid and the high-temperature solid phase exhibit a 
simple and regular temperature dependence, being very 
nearly linear functions of reciprocal absolute tempera- 
ture as shown in Fig. 7. This is the behavior predicted 
by Onsager’s theory for polar liquids which can be 
written 





e—n?= 


(2) 


3e (=) 4nNd pe? 


2e+n? 3 M 3kT 


where 1 is the refractive index, d the density, uo the gas 
dipole moment, and NV, M, k, T have their usual sig- 
nificance. Although m, d, and « are all temperature- 
dependent, their variations in Eq. (2) have the effect 
in the present case of modifying the slope of € versus 1/T 
and imparting only a slight curvature. 

The numerical agreement of Eq. (2) with the meas- 
urements is quite remarkable, all things considered. 
The comparison is conveniently made by using (2) to 
calculate wo from the measured values of e and d and 
values of n? calculated from Hammer and Rollefson’s" 
polarizability data with the Clausius-Mossotti expres- 


9K. S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941). 
1. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 
1 C, F. Hammer, Ph.D. thesis, University of Wisconsin (1948). 
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TABLE II. Values of the dipole moment of hydrogen chloride 
calculated from dielectric data using Onsager’s equation. 








T (°K) n? d €0 0) 


100 2.09 1.48* 24.3 1.06D 
107 2.08 1.47> 22.8 1.09 


160 1.89 1,26° 14.2 1.15D 
176 1.86 1.22 12.4 1.14 
188 1.83 1.19 11.3 1.15 





Isotropic solid 
phase 


Liquid phase 








« See reference 13. 
> F, Simon and C. von Simson, Z. Physik 21-22, 168 (1924). 
¢ Steele, McIntosh, and Archibald, Z. Physik 55, 129 (1909). 


sion. The calculated values are listed in Table II. Lack 
of density data precluded such calculations for solid 
HCl above 107°K, but it is clear that the results would 
not be greatly different. 

The most reliable figure for the gas dipole moment 
is presumably the value 1.12 debyes obtained by 
Hammer and Rollefson" from careful infrared disper- 
sion measurements. Although comparison of po is an 
optimistic fashion of testing Eq. (2), which involves po’, 
the agreement of the values in Table II with each other 
and with the gas value shows that Onsager’s equation 
describes the measured values quite accurately. 

The validity of the equation indicates that its basic 
assumptions are adequate approximations for both the 
liquid and high-temperature solid phases. As Kirk- 
wood” has shown from a statistical mechanical treat- 
ment, major deviations from Onsager’s result are to be 
expected as a consequence of short range intermolecular 
correlation, notably, hydrogen bonding, and lesser 
deviations can result from asymmetry of molecular 
shape. It is reasonable to conclude that hydrogen 
chloride behaves as a normal polar liquid in its di- 
electric properties without significant hydrogen bond- 
ing, in agreement with the usual conclusion from other 
physical properties. X-ray studies of the solid phase 
stable above 100°K indicate a face-centered cubic 
structure of the halogens, and it is now commonly 
assumed that the molecular orientations are disordered 
above the 99°K phase transitions. The dielectric data 
are consistent with this conclusion and can be taken 
as evidence against appreciable net correlation of 
neighbors. The same situation was found for hydrogen 
bromide, as reported in I, and it seems quite clear that 
no special explanations of the disordered phases in 
either HCI or HBr are required. 

The small values of dielectric constant below 99°K, 
and the fact that only the beginnings of significant dis- 
persion are observed as the transition is approached, 
indicate that the anisotropic low-temperature phase is 
well ordered with much stronger intermolecular coordi- 


3G, Natta, Gazz. chim. ital. 63, 423 (1933). 
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nation than in the case of hydrogen bromide. The 
difficulty in attributing this difference wholly to the 
greater importance of dipole forces in hydrogen chloride 
has been discussed by Powles.“ The observed dispersion 
occurs at considerably higher frequencies than does the 
principal dispersion in HBr, but the activation energy 
of 2.62 kcal/mole from the rate plot in Fig. 6 is not 
significantly different from the value 2.70 kcal/mole 
for HBr. 

The estimated value of 3.2 for the dielectric constant 
at frequencies above the dispersion region is signifi- 
cantly larger than the value estimated for the square 
of the refractive index. Both values are approximate, 
the first because of uncertainties in extrapolation and 
the second because the density is not accurately known; 
but it seems quite definite that combined errors could 
not reasonably explain the difference. Whether the 
discrepancy is to be accounted for by a second relaxation 
dispersion, as in the case of HBr, or by a resonance dis- 
persion cannot be decided from available information. 
It is tempting to assume the former and to explain the 
two dispersions as a consequence of relaxation of 
principal dielectric constants for different crystallo- 
graphic arrangements, but this can only be regarded 
as a conjecture at the present. 

The origin of the loss maximum at 100 kc/sec below 
78°K is obscure. All attempts to account for it by 
instrumental or other experimental difficulties have 
failed, and we have no reason to doubt its reality. There 
are indications that at higher temperatures the peak 
becomes less sharp and may move to higher frequencies 
or be obliterated by the broader dispersion. This be- 
havior could be attributed to a resonance dispersion, 
but the existence of such a dispersion at such extra- 
ordinarily low frequencies is a result we are unable to 
explain at present. 

In summary, it can be said that special attention to 
insuring measurements of homogeneous samples has led 
to simple and readily interpreted results for the high- 
temperature solid phase of hydrogen chloride, and that 
the results for the low-temperature phase indicate only 
slight changes in order near the transition. The detailed 
interpretation of the low-temperature results may well 
require further experimental studies and correlation 
with a variety of other physical evidence, but the 
amount of characteristic and quite specific information 
obtainable from adequate studies of the dielectric 
properties is quite impressive. 
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The infrared spectrum of HDCO vapor has been investigated in the region 2.54—25y and all six funda- 
mentals have been observed. Four of the fundamentals have also been observed in the Raman spectrum of 


the vapor. 


The perpendicular component of an hybrid band at 3.5u and the pure rotational Raman spectrum were 
resolved and analyzed. The rotational constant (A —B) for the symmetric top approximation was found 
to be 5.47+0.03 cm™!. This value, combined with the rotational constants of HCO obtained by Dieke and 
Kistiakowsky, yields approximate molecular dimensions for the ground state of formaldehyde. 





HE infrared spectra of the symmetrical formal- 
dehydes H2CO and D2CO were obtained by 
Nielsen! and Ebers and Nielsen.?* In their work, only 
the rotational structure of the three perpendicular 
bands was resolved. Moreover, in both molecules the 
rotational analysis of these bands was complicated by 
the occurrence of strong Coriolis coupling between the 
two perpendicular bending vibrations and overlapping 
of the third perpendicular band by parallel bands. For 
the HeCO molecule, much more accurate ground-state 
rotational constants are given by the high-resolution 
ultraviolet results of Dieke and Kistiakowsky* and by 
the recent microwave data of Lawrance and Strand- 
berg.5 Since spectroscopic data on HCO can fix only 
two of the three independent geometric parameters, it 
is necessary to have supplementary rotational data for 
an isotopic molecule.® In this connection the most use- 
ful isotopic molecule to investigate under conditions of 
low resolution is the monodeuterated form. 
Formaldehyde-d; (HDCO) was recently made avail- 
able and a study of the vibrational spectrum and the 
rotational structure of the perpendicular bands was 
undertaken. It was hoped that some of the perpendicu- 
lar bands in HDCO would be free of such interference 
eflects as observed in the infrared spectra of HzCO 
and D.CO, and that a reliable value of A—B (for the 
symmetric top approximation) would be forthcoming. 
In the present investigation, both the infrared and 
Raman spectra of HDCO vapor were obtained. Al- 
though all of the fundamentals were observed in the 
infrared region, none of the bands showing perpendicu- 
lar structure was found to be free from Coriolis or Fermi 





*Presented at the Symposium on Molecular Structure held at 
The Ohio State University, Columbus, Ohio, June, 1953. 
: t National Research Laboratories Post doctoral Research 
Fellow, Division of Chemistry, 1951—1953. 

t National Research Laboratories Post doctoral Research 
Fellow, Division of Physics, 1951-1953. 

'H. H. Nielsen, Phys. Rev. 46, 117 (1934). 

?E. S. Ebers and H. H. Nielsen, J. Chem. Phys. 5, 822 (1937). 

*E. S. Ebers and H. H. Nielsen, J. Chem. Phys. 6, 311 (1938). 

*G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45, 4 (1934). 
— Lawrance and M. W. P. Strandberg, Phys. Rev. 83, 363 

51). 

°A few microwave lines of the H2C%O molecule have been re- 
ported [R. B. Lawrance, Phys. Rev. 78, 347 (1950); “Molecular 
oo Spectra Tables” Natl. Bur. Standards(U. S.) Circ. 518, 

92) }. 
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interaction; much the same difficulty as in the syr- 
metrical formaldehydes was encountered in evaluating 
the rotational constant A—B. However, an analysis 
of the perpendicular structure of the “CH stretching”’ 
band, which is least perturbed, was found possible. 

The difficulties caused by polymerization of liquid 
formaldehyde have limited the earlier investigations of 
the Raman effect to aqueous solutions of H,CO.’ 
These difficulties were avoided, as outlined below, by a 
study of the gaseous state. . 

The vibrational Raman spectrum of HDCO vapor 
was of considerable assistance in the location of band 
centers, particularly for overtone and combination 
bands enhanced through Fermi resonance. Also, the 
pure rotational Raman spectrum afforded a more 
direct evaluation of A—B than the infrared band struc- 
ture, since a perturbation of the vibrational ground 
level is unlikely; but the accuracy was limited by the 
available resolution. 


EXPERIMENTAL DETAILS 


The preparation of formaldehyde-d; has been de- 
scribed by Bannard, Morse, and Leitch.’ It was made 
available as the para-polymer through the courtesy of 
Dr. L. C. Leitch. The mass spectrometric analysis 
(93 percent HDCO) was qualitatively confirmed by the 
absence of spectral evidence of HeCO or D.CO. 

The infrared data were obtained with a model 12C 
Perkin-Elmer spectrometer. The prism used for wave 
numbers above 1900 cm~ was LiF, between 1900 and 
1500 cm™ CaF», and below 1500 cm™ NaCl. All wave 
numbers were corrected to vacuum. The infrared cell 
consisted of a Pyrex tube 8 cm long and 4 cm in di- 
ameter, with KBr windows sealed to the ends with 
benolite cement. The paraformaldehyde-d; was placed 
in the absorption cell which was then evacuated for 
several hours. The cell was placed in an oven of the 
type described by Bernstein? and slowly heated to 
120-140°C. Enough HDCO was added to the cell to 
give a vapor pressure of ca 250 mm upon complete 
vaporization. 

7K. W. F. Kohlrausch and F. Koppl, Z. physik. Chem. B24, 370 
(1934). 


8 Bannard, Morse, and Leitch, Can. J. Chem. 31, 351 (1953). 
°H. J. Bernstein, J. Chem. Phys. 18, 897 (1950). 
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Fic. 1. Band ». The equivalent slit width is indicated. 


The vs, ve band (see the following) was subsequently 
re-examined under the higher resolution of a double- 
pass spectrometer, with no appreciable change in the 
results. 

In the Raman investigation, a Pyrex tube 1.2 meters 
long was used, having at the window end a diaphragm 
system of black glass. One gram of the paraformal- 
dehyde was placed in the rear end of the Raman tube. 
The tube was evacuated and sealed. The temperature 
of the tube was slowly raised by means of a nichrome 
heating coil wound along the length of the tube. With 
the tube at a temperature of 130°C, as measured by a 
thermocouple, and the window kept at about 150° by 
an additional heater, the temperature of the para- 
formaldehyde was slowly raised to 120°C by means of 
a heated oil bath. Under these conditions the vapor 
pressure of the monomer was about one atmosphere. 
No polymerization at the walls was observed. 

Formaldehyde has absorption bands in the region 
43600, and in order to prevent photodissociation by the 
intense mercury lines in this region, a solution of NaNO: 
was circulated in a Pyrex jacket surrounding the tube 
(see Appendix). The Raman tube was irradiated sym- 
metrically along 70 cm of its length by means of four 
Toronto-type mercury lamps enclosed in a MgO-coated 
reflector. In this way it was possible to photograph the 
rotational and vibrational Raman spectra of HDCO 
excited by the Hg 4358 line. A three-prism spectrograph 
was used, having a camera aperture f/5 and a disper- 
sion of 130 cm~/mm at A4358. The Raman frequencies 
are based on one plate exposed for 40 hours using a 
5-cm™ slit. However, the appearance of the vibrational 
spectrum was confirmed by a second plate photographed 
with an f/2.5 camera in 12 hours. 











Fic. 2. Band vz. 
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Fic. 3. The Raman spectrum of HDCO vapor. 


During the course of this investigation the Raman 
spectrum of HCO vapor was also obtained in the 
manner described in the foregoing and the results are 
reported in the Appendix. 


VIBRATIONAL SPECTRUM 


HDCO belongs to the point group C's and has five 
in-plane vibrations of type a’, and one out-of-plane 
vibration of the type a’’. All six fundamentals are infra- 
red and Raman active. The a’ type vibrations give rise 
to hybrid bands (although parallel or perpendicular 
features may predominate) and the.a” type vibration 
gives rise to a perpendicular band. All six fundamentals 
have been observed in the infrared and four have been 
observed in the Raman spectrum (see Table I). The 
strong bands at 2844 and 2120 cm can be attributed to 
the CH and CD “stretching” vibrations and have pro- 
nounced perpendicular festures in absorption (see 
Figs. 1 and 2). These bands show up as narrow lines in 
the Raman spectrum (Fig. 3). The infrared bands at 
1723 and 1400 cm~! (Fig. 4) are almost entirely parallel 
in character with a P—R peak separation of ~55 cm™ 
in agreement with the value calculated by the method of 
Gerhard and Dennison” for unresolved parallel bands. 
They can be atrributed to the C=O stretching vibration 

H 


and C bending vibration, respectively, and appear 


D . 
as narrow bands in the Raman spectrum (Fig. 3). The 
remaining fundamentals v5 and vz are strongly coupled 
with one another because of Coriolis interaction and 
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Fic. 4. Bands v3 and v4 (v4 is inset). 


10S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 
(1933). 
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INFRARED AND RAMAN SPECTRA 


exhibit irregular fine structure spacing (Fig. 5). They 
were not observed in the Raman spectrum. The values 
finally chosen for vs and vg are based on Nielsen’s treat- 
ment"! of the effect of Coriolis interaction on rotational 
levels, and upon sum and product rules for isotopic 
homologs (see the following); they are less certain than 
the other frequencies. 

Because of the low symmetry of HDCO and the close- 
ness of summation bands to the fundamentals »; and 
vo, Fermi resonance seems likely. Indeed, both »; and v2 
exhibit irregularities suggesting the presence of over- 
tones or combination bands whose intensity has been 
enhanced possibly by Fermi resonance. The peak at 
2758 cm™ in the infrared spectrum corresponds to the 
weak band observed at 2760 cm™ in the Raman spec- 
trum and is probably »;+ 5 rather than 24, since both 
vy, and vy; are each relatively strong, whereas v4 is a weak 
band. 

The Raman band at 2133 cm™ locates the center of 
the disturbance on the high-frequency side of v2 and is 
probably 2v¢. The band at 2055 cm™ in the infrared 
absorption spectrum is observed as a weak broad band 


DENSITY 











Fic. 5. The v5, vg band. 


~2045 cm™ in the Raman spectrum and is probably 
2y;. It is not clear why the band at 2045 cm~! should be 
the only broad band observed in the Raman spectrum. 


ROTATIONAL STRUCTURE 


The perpendicular rotational structure has been 
analyzed in the »; band and in the »s5, vg band. The 
inertial constant A—B for the ground state was also 
determined from the rotational Raman effect. 

The »; band (Fig. 1) has a well defined perpendicular 
component, superimposed on an unresolved parallel 
band contour in which the P—R peak separation is 
about 55 cm~!. The principal perpendicular sub-band 
frequencies are given in Table II. Although Fermi reso- 
nance with v3+yvs5 (see the foregoing) enhances the 
Intensity of the perpendicular sub-bands on the low- 
frequency side, it appears to affect appreciably the fre- 
quencies of only two peaks. The remaining subbands 
may be fitted by the symmetric top approximation for 
the perpendicular bands (AK=+1, AJ=0) with the 





"H. H. Nielsen, J. Chem. Phys. 5, 818 (1939). 
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TABLE I. Infrared and Raman bands of HDCO vapor. 











Infrared Raman 
Assignment vvae (cm~!) Avvac (cm!) 
vi(a’) 2844.1 2846.2 (s-sharp) 
vaty5(A’) 2758 2761 (w-sharp) 
2v6(A’) 2133 (w-sharp) 
v2(a’) 2120.7 2120.3 (s-sharp) 
2v5(A’) 2055 2045 (v.w-broad) 
v3(a’) 1723.4 1723.2 (v.s-sharp) 
v4(a’) 1400.0 1397.4 (m-sharp) 
v;(a’) 1041 a 
vg(a’’) 1074 








usual formula! to which a term in K® has been added: 


y 8% = y+ (A4’— B’)4+2(A’—B’')K 
+[(A’—B’)— (A"”—B”) ]K?F4D,R°. 


The notation follows Herzberg,"® with B= (B+C)/2. 
Although the term in K* was found to be of the right 
order of magnitude for a purely centrifugal effect, it 
must be regarded as including a number of other in- 
fluences. In particular, for large K values, the asym- 
metry of the molecule produces a frequency shift in the 
same direction as centrifugal distortion.” 

From the least squares treatment of the sub-band 
frequencies for K>3, excluding K=8 and 10, the fore- 
going equation becomes 


y;8¥> = 2849 6+ 10.922K — 0.0085 K? 0.00093 K®. 


TABLE II. Principal peaks in the »; band. 











Calculated Calculated 
Observed frequency Observed frequency 
frequency K (AK = +1) frequency K (AK = —1) 
(2851) 0 (2849.7) (2843) 1 (2838.6) 
2859.6 1 2860.5 2828.6 2 2827.7 
2871.7 ‘4 2871.4 2816.8 3 2816.8 
2882.4 3 2882.2 2805.8 4 2805.8 
2893.0 4 2893.0 2795.4 5 2794.9 
2903.9 5 2903.8 2783.6 6 2783.9 
2915.1 6 2914.6 2772.9 7 2773.0 
2924.9 7 2925.3 2758.2 
2935.1 8 2935.9 8 2762.1 
2945.2 9 2946.5 2750.7 9 2751.3 
2956.6 10 2957.0 2743.1 
(2968.3) 11 2967.4 10 2740.3 
2730.0 11 2729.6 
2719.7 12 2718.9 
2708.5 13 2708.4 
2697.0 14 2697.7 
2686.7 15 2687.2 
2677.4 16 2676.5 
2665.4 17 2666.0 
2656.3 18 2655.7 
2646.0 19 2645.4 








Average deviation, excluding parenthesized frequencies, +0.48 cm™. 


2G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
p. 424. 

13 The actual asymmetric top levels may be obtained from the 
tables of King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943); 
12, 210 (1944). For HDCO, the asymmetry parameter 6= (B—C)/ 
(A—C)+0.032 as compared with 0.019 for H:CO and 0.054 
forD2CO. 
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The frequencies calculated from this equation are 
included in Table II. The band center occurs at 
v= 2844.1 cm-! and the rotational constant A’”—B” 
is found to be 5.46) cm™. 

The rotational structure of the v2 band is so strongly 
perturbed that it cannot be analyzed simply, although 
a K assignment, as shown in Fig. 2, is possible on the 
high frequency side. This band appears to have a 
stronger parallel component than »;, probably because 
the least inertial axis lies nearer to the CD bond by 
more than 10° than it does to the CH bond. The band 
center is taken to be the frequency of the strong Q 
branch (AK=0, AJ=0) contributed by the parallel 
component. 

The frequencies of the principal peaks in the v5, v¢ 
Coriolis-coupled band (Fig. 5) are listed in Table III. 
To the extent that vs; is a perpendicular band, the gen- 
eral effect of the Coriolis interaction on the observed 
spectrum is the same as for the two perpendicular bend- 
ing vibrations in H,CO and D.CO. In the symmetric 
top approximation as before, the sub-band frequencies 
in the vs, vs band are given by the equation of Nielsen :" 


Vet Ve 
2 
‘ Vs—V6\? ; 
+2(4"-B’)K4| (~—*) + (24'sK 


sub — 


+#A’— (A”—B”) 





V5, 6 


+[(A’—B’)— (A”— B”) ]K?. 


Here, K refers to the quantum number of the excited 
state and the first + sign to AK=-+1 transitions. The 
second + sign distinguishes the two states which result 
from the rotational coupling between the v; and v¢ 
vibrational modes. The coupling parameter ¢ is related 
to the geometry of the molecule. 

This equation can be applied in the present case only 
to the outer sides of the band system, where the signs 
are either both positive or both negative. When the 
signs differ, the sub-band spacing is lesst han 2(A—B) 


TABLE III. Principal peaks in the v5, vs band. 











Calculated Calculated 
(emission frequency frequency 
nomen- Observed AK=-+1 Observed AK=-1 
clature)® frequency +state frequency —state 
1062.2 1055.6 
1073.9 1039.7 
1 1082.0 1081.1 (1021.5) 1024.6 
2 1093.2 1094.3 1011.3 1011.5 
3 1107.6 1108.4 998.2 997.3 
4 1122.6 1123.1 983.5 982.6 
5 1138.4 1138.3 968.4 967.4 
6 1154.0 1153.7 951.6 951.9 
7 1169.4 1169.2 935.8 936.3 
8 (1183.4) 1184.9 919.4 920.5 
9 (902.9) 904.6 
10 (887.7) 888.7 
11 (872.1) 872.7 








a The K refers to the excited state. 
Mean deviation (excluding parenthesized frequencies) is +0.63 cm™=. 
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and there is an overlap of the +, — and —, + combi- 
nations in the center region where the structure was not 
resolved. At the sides of the band, however, the spacing 
is greater than 2(A—B) and sub-bands corresponding 
to individual K values may be identified. At the outer 
extremity, as K gets large, the spacing approaches 
2[(1+)A—B]=16 cm, from which £~0.4. To find 
the “best” K assignment the combination differences 


Apsub= ysub(+ +)— psub(— —) 


were found for various choices of K, and the left-hand 
side of the following equation 


Apsub o 2 Vo— V6 2 
: ~2K(4"—B")| = ( : ) +447eR 








plotted against K*. The slope is known approximately 
from rough values of A’ and é and the numbering scheme 
that agreed with this slope was chosen. 

The last equation and the combination sum 


y>(Eyt)+9™(—,—) votre 
2 
+[(4’—B’)—(4"—B")]K? (for K>2) 





+ 24/— (A”—B"”) 


were each subjected to a least squares treatment in K’. 
This led to 


vs, 6°" = 1052.9+ 10.960K 
+ (272.24 26.70K*)!—0.0032K°, 


from which the calculated frequencies of Table III are 
obtained. The numerical values in this equation may 
be varied somewhat and still fit the observed frequen- 
cies almost as well. For example, the value of A” —B” 
used in the equation with Av*"” is assumed to be 5.480 
cm—! 4 and may be varied slightly to cause a small 
change in v;— vs. The above analysis yields values for 
vs and vg of 1040.8 and 1073.8 cm (but fails to dis- 
tinguish between them), and £=0.394. These quanti- 
ties, especially ~, are somewhat dependent upon the 
value assumed for A’ (6.55 cm@, which arises from 
calculation of the molecular geometry and is probably 
correct within +0.05 cm). 

The reliability of the values of vs and v¢ resulting 
from this analysis is rather less than for the other 
fundamentals. This is also true of the Nielsen results for 
the Coriolis-coupled bands in H2CO and particularly 
in D.CO, where no rotational analysis was made. 

Sum and product rules for isotopic species which 
make use of the known frequencies of the other two 
formaldehydes may be used to distinguish between vs 
and ve in HDCO. Both the Decius-Wilson"® and Bern- 


4 This value was a preliminary one. Use of 5.470 cm™ would 
have been more consistent, but would change the parameters only 
slightly. 

16 J. C. Decius and E. B. Wilson, Jr., J. Chem. Phys. 19, 1409 
(1951). 
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TABLE IV. Rotational Raman shifts for HDCO. 











K Av(cm-)4 Av/4(K +1) 
4 (110.0) 5.50 
5 131.4 5.48 
6 152.4 5.44 
7 174.8 5.46 
8 196.1 5.45 
9 (217.4) 5.44 
10 (239.2) 5.44 








® The wave number shifts are the mean for Stokes and anti-Stokes lines, 
except the values in brackets which are for the Stokes’ lines only. 


stein-Pullin'* sum rules predict a somewhat larger value 
for ve than for v5. The Teller-Redlich product rule, 
applied to the HCO frequencies assigned by Nielsen, 
gives a similar result. For this reason, the assignment 
ve=1074 cm™ and v;=1041 cm is more probable 
than the reverse.!” 

The observed rotational Raman spectrum consists 
of a series of widely spaced lines extending to about 200 
cm™ on either side of the exciting line, superimposed 
on a strong continuum. The spectrum is satisfactorily 
explained by the accidentally symmetric top approxi- 
mation with the intense lines corresponding to transi- 
tions AJ=0, AK=+2. For this case, the wave 
number shifts from the exciting line are given by 
Av=4(A"—B’")(K+1) where centrifugal and asym- 
metry effects are neglected, since the accuracy of 
measurement (-+1 cm~') does not warrant such re- 
finement. Seven Stokes and four anti-Stokes lines were 
used to evaluate A’’—B’, as indicated in Table IV. 
The average value is 5.46++0.04 cm™ which is in good 
agreement with the infrared value resulting from the 
vy, analysis (5.47+0.03 cm“). 

The continuum in the neighborhood of the exciting 
line is probably due to unresolved R and S branches 
(AJ=+1, +2, AK=0), as well as to overexposure of 
the exciting line. 


GEOMETRY OF THE FORMALDEHYDE MOLECULE 


Dieke and Kistiakowsky* (D. and K.) evaluated the 
moments of inertia (of which only two are independent) 
for the ground state of HCO from an analysis of ultra- 
violet bands. Their results are in excellent agreement 
with the values obtained from recent microwave data.5 
Two independent moments of inertia, however, provide 
only two of the three relations required to determine 
completely the geometry of formaldehyde, that is, 
'cu’, rco® and the HCH angle @. D. and K. originally 
assumed @ to be tetrahedral which leads to the rcn® 
and rco® values given in the first line of Table V. 
The last column of the table gives the value of (A”— B”) 
for HDCO calculated from these dimensions. In a simi- 
lar manner, several molecular models can be obtained 
by assuming a value for one of the dimensions and then 





*H. J. Bernstein and A. D. E. Pullin, J. Chem. Phys. 21, 
2188 (1953). 
“In the symmetrical formaldehydes, however, v5> vs. 
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calculating the other two from the D. and K. results. 
For example, the value of rco=1.213A, obtained from 
electron diffraction of HsCO, leads to the results 
shown in the second line of Table V. Since the HCH 
group in formaldehyde is rather similar to that in 
ethylene or ketene, it is not unreasonable to assume 
either a value of 1.071A for rcx® (line 3 of the table) or 
120° for 6 (line 4). (The values of rox and @ in ethylene 
are 1.071A, 119°55’ and in ketene™® 1.075A, 122°, 
respectively.) 

Since the axis of least moment of inertia in HDCO 
makes an angle of only about 5° with the C=O axis, 
the value of (A’’—B”’) is not very sensitive to changes 
in geometry. That is, an uncertainty in the value of 
(A” —B’’) for HDCO (assuming errors in the D. and K. 
results to be negligible in comparison), leads to a rather 
large range of values for rcn®, rco®, and @. For the value 
(A’—B"’)=5.47+0.03 cm~ obtained in this investiga- 
tion the corresponding values of the geometric param- 
eters are given in line 5 of Table V together with their 
accompanying uncertainties. Although the geometry is 
not fixed within very narrow limits, the present results 
suggest that the “equilibrium” value for the CH bond 
distance (1.12++0.01A) given by Lawrance and Strand- 
berg® is somewhat high. 

We wish to express our thanks to Dr. L. C. Leitch 
for supplying the paraformaldehyde-d,, and Dr. G. 
Herzberg and Dr. B. R. Chinmayanandam for helpful 
discussions. 


APPENDIX 


Four vibrational bands of H2CO were found in the 
Raman spectrum of the vapor. They are identified as 
follows: v:(a;)=2781.6 cm (sharp, strong); v2(a1) 
=1742.3 cm™ (sharp, weak); v3(a,;)=1499.7 cm“ 
(sharp, medium); »4(b;)= 2866 cm (broad, weak). 
The frequencies are the average measurements from 
two plates, and are probably accurate to +3 cm™. 
The accuracy of v; is lower (+5 cm) since this line is 
blended with the much weaker Hg 4962 line, and the 
error in the measurement of the broad band » is about 
+10 cm™. The Raman frequencies are in good agree- 


TABLE V. Ground state parameters of formaldehyde. 








Calculated* 





Assumed rcw®(A)  rco®(A) @° (A” —B” )cuvo 
as @ =109°27’ 1.15 1,185 5.60 
Ze rco® =1.213A 1.097 118°39’ 5.499 
3. rcn® =1.071A 1,225 123°26’ 5.482 
4, 6° =120° 1.090 1.217 5.492 
5. (A” —B”) =5.47 1.060 1.230 125°48’ 
+0.03 cm= +0.038 0.017 +7°O’ 








® From the assumed parameter and two of the Dieke and Kistiakowsky 
moments of inertia. 


18 Stevenson, duValle, and Schomaker, J. Am. Chem. Soc. 61, 
2508 (1939). 

19 Reference 10, p. 439. 

20H. R. Johnson and M. W. P. Strandberg, J. Chem. Phys. 20, 
687 (1952). 
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ment with the infrared values given by Ebers and 
Nielsen.* Also, the observation of only one strong 
Raman line in the 3000-cm™ region establishes the fre- 
quency of »;, and confirms the earlier assignment of two 
strong infrared bands at 2780 and 2973 cm™ as »; and 
2v3, respectively. 

The Raman spectrum of HCO (unlike that of 
HDCO) was superimposed on an intense background 
which precluded the observation of all but the strongest 





STOICHEFF, AND BERNSTEIN 


Raman lines. This background is partly due to the 
fluorescence spectrum of H2CO excited by the strong 
mercury lines in the region 43650. In the initial attempt 
to photograph the H,CO Raman spectrum the NaNO, 
filter was not used, and in this way the fluorescence 
spectrum was obtained superimposed on a strong con- 
tinuum. It was not possible to quench the fluorescence 
spectrum completely even with a 1 cm thickness of 
saturated NaNO, filter solution. 
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High-dispersion measurements have been made for the first time on the fundamental, first overtone, 
and second overtone infrared vibrational bands of DBr. Path lengths from 40 cm to 17 m were used with 
pressures ranging from 90 mm to 460 mm. The isotopic splitting of the rotation lines was measured and 
molecular constants determined for both isotopic species, DBr’® and DBr*!. The principal constants for 
DBr” are w.= 1885.33 K, x= 22.73 K, ywe= —0.0106 K, B.=4.290; K, a. =0.083, K, De=9.64X 1075 K, 

= —2..X10~* K. The principal constants for DBr* are w.= 1884.75 K, x.,=22.72 K, ywe= —0.0106 K, 
B,=4.287¢ K, ae=0.0833 K, De=9.59X10~> K, B= —2.2X10-* K. 


I. INTRODUCTION 


HE infrared vibration-rotation bands of HBr have 
been examined by a number of investigators, 
notably Imes,! who observed the fundamental (v= 1—0) 
band; Plyler and Barker,? who measured the funda- 
mental and first overtone (v= 2—0) bands; Naudé and 
Verleger,? who photographed several lines in the third 
overtone (v=4—0) band; and Thompson, Williams, 
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Fic. 1. Records of the fundamental and first overtone 
bands of DBr. (a) v=1—0, (b) v=2—0. 


* This paper was presented at the North Carolina meeting 
(March, 1953) of the American Physical Society; see F. L. Keller 
and A. H. Nielsen, Phys. Rev. 91, 235(A) (1953). 

+ Submitted in partial fulfillment of the requirements for the 
degree of Master of Science in Physics at The University of 
Tennessee. 

1. S. Imes, Astrophys. J. 50, 251 (1919). 

2 E. K. Plyler and E. F. Barker, Phys. Rev. 44, 984 (1933). 

8S. H. Naudé and H. Verleger, Proc. Phys. Soc. (London) A63, 
470 (1950). 





and Callomon,t who very recently re-examined the 
fundamental band. Only the last two*-* achieved resolu- 
tions sufficient to permit detailed analyses to be made 
of the separate contributions of the isotopic molecules 
HBr” and HBr*. A search of the literature reveals no 
references to infrared measurements on the isotopic 
molecules DBr” and DBr*!. 

The present paper concerns recent high-dispersion 
measurements which have been made on the funda- 
mental, first overtone, and second overtone vibration- 
rotation bands of DBr. The isotopic separation of the 
rotational lines has been measured and molecular con- 
stants determined for both isotopic species, DBr” and 
DBr*, These constants are shown to be in good agree- 
ment with the constants for HBr recently obtained by 
Thompson e al.‘ 


Il. EXPERIMENTAL DETAILS 


All measurements on the DBr bands were made with 
The University of Tennessee automatically recording, 
high-dispersion, prism-grating spectrometer.> As the 
isotopic separation of DBr” and DBr*! was quite small 
(about 0.5 K in the fundamental band), high resolving 
power was of particular importance in this investiga- 
tion, necessitating the use of the narrowest possible 
slit widths. 

A 7200 lines-per-inch echelette grating was used in 
conjunction with a Golay pneumatic detector for 

‘Thompson, Williams, and Callomon, Acta Spectrochim. 5, 


313 (1952). 
5 A. H. Nielsen, J. Tenn. Acad. Sci. 22, No. 4, 241 (1947). 
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Fic. 2. Representative lines of the fundamental and first over- 
tone bands of DBr, showing the isotopic splitting. (a) v=1—0, 
(b) v=2—0. 


making measurements on the fundamental band. The 
absorption cell was a 40-cm glass cell with rocksalt 
windows and was used at pressures of 90-150 mm Hg. 
The slits included a spectral interval of 0.23 K. 

For measurements on the first and second overtone 
bands, a 15000 lines-per-inch echelette grating was 
used with a PbS photoconductive detector. To obtain 
sufficiently strong absorption for the weak overtone 
bands it was necessary to use a 60-cm multiple reflection 
cell constructed after a plan by White.® The cell was 
adjusted for 28 traversals resulting in a total absorption 
path of approximately 17 meters. In making observa- 
tions on the first overtone band pressures of 220-460 
mm Hg were used and the slits were adjusted to include 
a spectral interval of 0.5 K. For the second overtone 
band the pressure was 460-mm Hg and the slits included 
an interval of 0.8 K. 

All the DBr bands observed in this investigation were 
overlapped by regions of strong atmospheric absorption. 
The fundamental and second overtone bands were over- 
lapped by the 6.24 and 1.84 water vapor bands, re- 
spectively, while the first overtone band was over- 
lapped by the 2.74 water band. In addition, the first 
overtone coincided with the 2.69u and 2.774 COz bands. 
The interference by atmospheric absorption was appre- 
ciably reduced by means of trays of P2O; and Ascarite 
placed in the spectrometer. After the trays were in- 
serted, the spectrometer was carefully sealed, flushed 
with dry Ne gas, and allowed to dry for several days 
before records were made of the bands. 

The gratings were calibrated by observing standard 
mercury lines in many orders. In addition, Benedict 
and Plyler? have recently reported very accurate wave 
numbers for the lines of the two CO: bands which over- 
lap the DBr first overtone band. These interspersed CO» 
lines provided further internal checks on the line wave 
numbers reported in this investigation. All wave 
numbers given in this paper have been reduced to 
vacuum. 

The sample of deuterium bromide was prepared by 
adding heavy water to PBr; in vacuum. The resulting 





mE U. White, J. Opt. Soc. Am. 32, 285 (1942). 
™W. S. Benedict and E. K. Plyler, J. Research Natl. Bur. 
Standards 46, 246 (1952). 
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gas was condensed in a cold trap and then fractionally 
distilled into the cell. 


Ill. EXPERIMENTAL RESULTS 


Records of the fundamental and first overtone bands 
of DBr are shown in Fig. 1. Because these records were 
made as preliminary runs in which the grating was 
turned at a much greater speed than was actually used 
for making measurements, the isotopic separation of 
the rotation lines is not clearly shown. The back- 
ground CO, lines which were used as an aid in the 
calibration procedure may be seen on the record of the 
first overtone band. Figure 2 shows reproductions of 
representative lines of the fundamental and first aver- 
tone bands made at the normal speed for measurement. 
The isotopic splitting is clearly demonstrated and the 
two components are seen to be of approximately equal 
intensity. This is to be expected because the percent 
abundances of the stable isotopes, Br” and Br*!, are 
50.6 and 49.4, respectively. 

The second overtone band (not shown) was also 
completely resolved into separate contributions from 
the two isotopic molecules; however, because of the 
limited amount of gas available, this band was ex- 
tremely weak. 

Tables I to VI inclusive give the wave numbers of the 
observed lines of DBr”’ and DBr*! for each of the bands 
investigated. The line designations are given in column 
1, the observed wave numbers in column 2, the wave 


TABLE I. Wave numbers (vacuum) of the observed rotational 
lines in the ¢(1—0) band of DBr”. 











Line 
assignment a (obs) o (calc) Ac 
R(16) 1956.96 1956.94 0.02 
R(15) 1951.62 1951.56 0.06 
R(14) 1946.03 1945.99 0.04 
R(13) 1940.20 1940.22 —0.02 
R(12) 1934.26 1934.26 0.00 
R(11) 1928.05 1928.10 —0.05 
R(10) 1921.75 1921.75 0.00 
R(9) 1915.18 1915.21 —0.03 
R(8) 1908.48 1908.49 —0.01 
R(7) 1901.57 1901.58 —0.01 
R(6) 1894.48 1894.48 0.00 
R(5) 1887.20 1887.20 0.00 
R(4) 1879.74 1879.75 —0.01 
R(3) 1872.07 1872.11 —0.04 
R(2) 1864.26 1864.30 —0.04 
R(1) 1856.30 1856.31 —0.01 
R(0) 1848.19 1848.15 0.04 
P(1) 1831.31 1831.32 —0.01 
P(2) 1822.69 1822.66 0.03 
P(3) 1813.80 1813.83 —0.03 
P(4) 1804.85 1804.85 0.00 
P(5) 1795.74 1795.70 0.04 
P(6) 1786.39 1786.40 —0.01 
P(7) 1776.94 1776.95 —0.01 
P(8) 1767.35 1767.34 0.01 
P(9) 1757.60 1757.59 0.01 
P(10) 1747.67 1747.69 —0.02 
P(i1) 1737.66 1737.65 0.01 
P(12) 1727.43 1727.47 —0.04 
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TABLE II. Wave numbers (vacuum) of the observed rotational 
lines in the ¢(1—0) band of DBr*®. 




































Line 
assignment a (obs) a (calc) Ao 
R(16) 1956.34 1956.34 0.00 
R(15) 1951.00 1950.97 0.03 
R(14) 1945.42 1945.40 0.02 
R(13) 1939.58 1939.63 —0.05 
R(12) 1933.63 1933.67 —0.04 
R(11) 1927.51 1927.51 0.00 
R(10) 1921.16 1921.17 —0.01 
R(9) 1914.67 1914.63 0.04 
R(8) 1907.87 1907.91 —0.04 
R(7) 1900.99 1901.00 —0.01 
R(6) 1893.89 1893.91 —0.02 
R(5) 1886.65 1886.64 0.01 
R(4) 1879.21 1879.19 0.02 
R(3) 1871.55 1871.56 —0.01 
R(2) 1863.74 1863.75 —0.01 
R(1) 1855.76 1855.77 —0.01 
R(0) 1847.63 1847.61 0.02 
P(1i) 1830.82 1830.80 0.02 
P(2) 1822.17 1822.14 0.03 
P(3) 1813.34 1813.33 0.01 
P (4) 1804.35 1804.35 0.00 
P(5) 1795.26 1795.21 0.05 
P(6) 1785.93 1785.91 0.02 
P(7) 1776.47 1776.47 0.00 
P(8) 1766.87 1766.87 0.00 
P(9) 1757.15 1757.12 0.03 
P(10) 1747.22 1747.23 —0.01 
P(11) 1737.18 1737.20 —0.02 
P(12) 1727.01 1727.03 — 0.02 
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number listed for the fundamental or first overtone is 
the average value from five individual records, while 
each observed wave number listed for the second over- 
tone is the average value from three records. 


IV. MOLECULAR CONSTANTS 


The energy of a diatomic molecule in a vibrational 
state denoted by the quantum number v and a rotational 
state denoted by the quantum number J may be repre- 
sented to a very good approximation by the equation 


E/hc(K) = E./he+we(v+})—«ae(v+})? 





numbers computed from the new constants in column 3, 
and the differences between observed and calculated 
wave numbers in column 4. Each observed wave 






TABLE III. Wave numbers (vacuum) of the observed rotational] 
lines in the o(2—0) band of DBr”. 















































Line 
assignment a (obs) a (calc) Ao 
R(13) 3717.00 3716.98 0.02 
R(12) 3713.34 3713.34 0.00 
R(11) 3709.38 3709.35 0.03 
R(10) 3704.99 3704.99 0.00 
R(9) 3700.26 3700.29 —0.03 
R(8) 3695.23 3695.23 0.00 
R(7) 3689.84 3689.83 0.01 
R(6) 3684.10 3684.07 0.03 
R(5) 3677.96 3677.96 0.00 
R(4) 3671.51 3671.51 0.00 
R(3) 3664.69 3664.71 —0.02 
R(2) 3657.56 3657.57 —0.01 
R(1) 3650.11 3650.09 0.02 
R(O) 3642.26 3642.26 0.00 
P(1i) 3625.59 3625.60 —0.01 
P(2) 3616.75 3616.77 —0.02 
P(3) 3607.64 3607.61 0.03 
P(4) 3598.11 3598.12 —0.01 
P(5) 3588.33 3588.31 0.02 
P(6) 3578.21 3578.17 0.04 
P(7) 3567.69 3567.71 —0.02 
P(8) 3556.93 3556.93 0.00 
P(9) 3545.89 3545.84 0.05 
P(10) 3534.46 3534.44 0.02 
P(11) 3522.74 3522.73 0.01 
P(12) 3510.77 3510.72 0.05 
P (13) 3498.33 3498.40 —0.07 


+ ywe(v+ + )3+ B,J (J+ 1)- D,J* (J+ 1)?, 


TABLE IV. Wave numbers (vacuum) of the observed rotational 
lines in the o(2—0) band of DBr*. 








Line 




















assignment a (obs) a (calc) Ag 
R(14) 3719.07 3719.13 —0.06 
R(13) 3715.88 3715.85 0.03 
R(12) 3712.16 3712.21 —0.05 
R(11) 3708.25 3708.22 0.03 
R(10) 3703.88 3703.87 0.01 
R(9) 3699.15 3699.17 —0.02 
R(8) 3694.12 3694.12 0.00 
R(7) 3688.73 3688.72 0.01 
R(6) 3682.97 3682.96 0.01 
R(5) 3676.86 3676.86 0.00 
R(4) 3670.40 3670.41 —0.01 
R(3) 3663.60 3663.62 —0.02 
R(2) 3656.48 3656.48 0.00 
R(1) 3649.07 3649.00 0.07 
R(0) 3641.21 3641.19 0.02 
P(1) 3624.55 3624.54 0.01 
P(2) 3615.72 3615.72 0.00 
P(3) 3606.55 3606.56 —0.01 
P(4) 3597.08 3597.08 0.00 
P(5) 3587.27 3587.27 0.00 
P(6) 3577.16 3577.14 0.02 
P(7) 3566.66 3566.69 —0.03 
P(8) 3555.88 3555.92 —0.04 
P(9) 3544.89 3544.83 0.06 
P(10) 3533.49 3533.44 0.05 
P(11) 3521.76 3521.74 0.02 
P(12) 3509.73 3509.73 0.00 
P13) 3497.39 3497.42 —0.03 
where 


B,= Be—ae(v+3) 
and (2) 
D,= D.+Be(v+}). 


E, is a constant energy term which is not affected by a 
change in v or J. The constant w, represents the har- 
monic vibrational wave number for infinitesimal ampli- 
tudes, and x.w, and yw, represent the second and third 
power anharmonic vibrational constants, respectively. 
B, is the equilibrium rotational constant, h/82cI.; D. 
is the vibrationless centrifugal stretching constant ; and 
finally, a, and 8, are small constants which represent 
the vibration-rotation interaction energy. The wave 
numbers of the permitted spectral lines may be deter- 
mined by using Eq. (1) with the Bohr frequency condi- 
tion and the selection rules Av=1, 2, etc.; AJ=+1. 
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THE INFRARED SPECTRUM AND 
The wave numbers of the R and P lines in a vibration- 
rotation band in which the transition has been from the 
ground vibrational state to a higher vibrational state 


may be represented by the relations 


R(J—1)) 
p(s)! 


=¢(v'—0)+ (By + Bo)J 


+[ (By — Bo)— (Dy — Do) |? 
#2(Dy+Do)J?— (Dy — Do) J, 


J=1,2,-::, (4) 
where 


a(v’—0)=weo’—xewe(v? +0) + yee (v'+3)%—-§] (5) 
is the band center of the transition and the number 


designating the line is the J value of the ground 
vibrational state. 


TABLE V. Wave numbers (vacuum) of the observed rotational 
lines in the o(3—0) band of DBr”. 








Line 
assignment 


R(8) 
R(7) 
R(6) 
R(5) 
R(4) 
R(3) 
R(2) 
R(1) 
R(0) 


a (calc) Ao 


5435.87 —0.23 
5431.90 —0.05 
5427.43 —0.01 
5422.45 —0.13 
5416.97 0.01 
5410.98 —0.07 
5404.50 0.03 
5397.50 0.13 
5390.01 —0.01 


a (obs) 


5435.64 
5431.85 
5427.42 
5422.32 
5416.98 
5410.91 
5404.53 
5397.63 
5390.00 





5373.51 
5364.50 
5354.99 
5344.98 
5334.47 
5323.45 
5311.93 


P(1) 
P(2) 
P(3) 
P(4) 
P(5) 
P(6) 
P(7) 


0.10 
—0.15 
—0.21 

0.00 

0.07 

0.24 


5364.60 
5354.84 
5344.77 
5334.47 
5323.52 
5312.17 








The differences in the extra nuclear electric fields of 
isotopic molecules are usually negligible; therefore, if 
pis used to denote (u/u*)?, where uw represents the re- 
duced mass of the lighter isotopic molecule and y‘ the 
reduced mass of the heavier molecule, the ratio of the 
values of each molecular constant for the two isotopic 
molecules is a simple power of p. The complete result is 
summarized in Table VII. 


Rotational 


Because the measurements on the fundamental and 
first overtone bands were much more accurate than 
those on the second overtone band, only the wave 
numbers of the fundamental and first overtone lines 
were used in computing the accurate values of the 
molecular constants of DBr. The determination of the 
rotational constants was accomplished by finding linear 
telationships involving the wave numbers of the P and 
R lines of each band such that the values of the funda- 
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TABLE VI. Wave numbers (vacuum) of the observed rotational 
lines in the ¢(3—0) band of DBr®. 








Line 
assignment 


R(8) 
R(7) 
R(6) 
R(S) 
R(4) 
R(3) 
R(2) 
R(1) 
R(0) 


a (obs) 


5434.29 
5430.23 
5425.72 
5420.90 
5415.64 
5409.56 
5403.08 
5396.07 
5388.44 


a (calc) 


5434.41 
5430.44 
5425.97 
5420.99 
5415.51 
5409.52 
5403.04 
5396.04 
5388.55 





5372.05 
5363.04 
5353.53 
5343.52 
5333.01 
5321.99 
5310.47 


P(1) 
P(2) 
P(3) 
P(A) 
P(5) 
P(6) 
P(7) 


5363.06 
5353.11 
5343.52 
5332.91 
5322.05 
5310.59 


0.06 
0.12 








mental constants emerged as intercepts and slopes of 
straight lines. The combination relations used in this 
analysis were 


[RJ-1)—PVJ+1)] 
eee aes 

[R(J)—P(J)] 
2(27+1) 





(Bo—3Do)—3Do(2J+1)’, (6) 





By —3Dy)—4Dy(2I+1)2, (7) 


1[R(J—1)+ PU) ]+-v'B.J*=o(v'—0)—v'a,J?. (8) 


The combination relation expressed by Eq. (6) was 
first applied to the data for the fundamental and first 
overtone bands of DBr’’. When the left side of Eq. (6) 
was plotted versus (2J+1)*, as shown in Fig. 3, a 
straight line resulted which yielded the values of Bo 
and Dp. Since both bands contributed to the values of 
By and Do, these ground vibrational state values of B 
and D should be the most accurately determined 
constants. 

Next, Eq. (7) was applied in the same manner to each 
of the two DBr” bands. The resulting plots, shown in 
Fig. 4, yielded the values of Bi, D:, Bo, and D2. With 
these values of B, and D, it was possible to use Eqs. (2) 
and (3) to determine B,, D., and B,. The value of 6, 
was then substituted into Eq. (8) and the left side of 
this equation, plus an appropriate constant times J”, 


TABLE VII. Mass dependence of the molecular constants. 








Constant Mass factor Ratio 
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Fic. 3. Plot of 42R(J—1) —P(J+1) ]/(2J+1) versus 
(2J+1)* giving values of By and Dy for DBr”. 
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was plotted versus J* for each of the DBr” bands, as 
shown in Fig. 5. From these plots the values of ¢(1—0), 
o(2—0), and a, were obtained. 

The entire procedure outlined above was then re- 
peated for the fundamental and first overtone bands of 
DBr*, The rotational constants obtained for both of 
the isotopic molecules are listed in Table VIII. The 
band centers are given in Table IX. 

If the atomic mass of deuterium given by Mattauch® 
is used with the masses of the bromine isotopes reported 
by Ogata,® the following values are obtained for the 


VA Der’? 
4.165 
i v7 0 a (8 -20,)- $0, (2u+n)* 





R(J)-P(d) 


& 2-0 Seay ° = (B,-}D,)- $D, (201)? 


B,= 4.1649 K 


D,= 0.000093, K 
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500.) 86600 





700 
Fic. 4. Plots of {£R(J) —P(J)]/(2J+1) versus ial 
giving values of B,, Bz, Di, and Dz for DBr® 


8 J. Mattauch, Nuclear Physics Tables (Interscience Publishers, 
Inc., New York, 1946), Table IV, p. 126. 
°K, Ogata, Phys. Rev. 75, 200 (1949). 
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reduced masses of DBr” and DBr*, and for ppsr: 


LpBr?= 1.964582, 
and 
PDBr— 


From Table VII it is seen that the ratio B,”°/B® 
should equal 1/(pps,)? or 1.00062. The experimental 
value of B,”/B,*! is 1.000;, which agrees within experi- 
mental error. The number of significant figures in the 
other rotational constants is too small to permit addi- 





(uppr®/upBr®)?=0.9996929. 


EpBr®!= 1.965789, 


tional checks on the mass ratio. 


The third and fifth columns of Table VIII give the 
values of the rotational constants of DBr which result 
when the reduced mass conversions of Table VII are 
applied to the HBr constants determined by Thompson 
et al.4 The following values of u and p were used in 
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Fic. 5. Plots of $[R(J—1)+P(J)]+0'B/! versus J? giving 


values of ¢(1—0), «(2—0), and a, for DBr”, 


applying the conversions: 
puBr®!=0.9957282, 


[MHBr 
81— 





LupBr® J 


[MHBr 
79 — 








81544 


7944 





LupBr” 


The values obtained from the two investigations appear 


MuBr’®=0.9954183, 


= 0.7117083, 


= 0.7118162. 






to be in quite good agreement. 


When the values of the constants listed in Table VIII 
and the band centers listed in Table IX are substituted 
into Eq. (4), the following equations are obtained for 
the wave numbers of the lines of the fundamental and 
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TABLE VIII. Rotational constants (kaysers) of DBr” and DBr®. 


INFRARED SPECTRUM AND MOLECULAR CONSTANTS OF DBr 











DBr? DBr38t 
Calc from Calc from 
Constant Observed HBr79* Observed HBr®i* 
B. 4.2903 4.2911 4.2876 42885 
Qe 0.0839 0.0834 0.0833 0.0834 
De 9.641075 10.02 X 1075 9.59 X 1075 10.02 X 10-5 
Be —2.2 1076 —1.4X1076 —2.2 10-6 —1.4X1075 
Ie 6.5217 K 1074 6.5265 K 1074 
g-cm? g-cm?2 

Fe 1.4143;A 1.4144A 








* From 1—0 of HBr by Thompson et al. 
first overtone bands, respectively : 
DBr” fundamental (1—0) band, 


R(J—1) 
| = 1839.82+8.413,J—0.0839J2 


P(J) 
+ 0.0003763/?+0.0000022/4; (11) 
DBr™ fundamental (1—0) band, 
R(J—1) 
| ‘ = 1839.29+-8.407,J —0.0838/? 
PJ 
+0.0003742J?+ 0.0000022J4; (12) 
DBr” first overtone (2—0) band, 
R(J—1) 
| = 3634.10+8.329,J —0.1678/? 
P(J) 
+ 0.00037 23J*+ 0.000004,J4; (13) 
and DBr®™ first overtone (2—0) band, 
R(J—1) 
= 3633.03+8.323;J —0.1677 J? 
P(J) 
+0.000369J*+ 0.000004,J/4. (14) 


These equations were used to calculate the wave 
numbers listed in the third columns of Tables I-IV. 

When combination relations were applied to the 
lines of the second overtone bands of DBr, the values 
of the constants obtained were found to be in agree- 
ment with those listed in Table VIII, within the ac- 
curacy of the measurements. The following equations 
result when the values of the constants are substituted 
into Eq. (4): 


DBr® second overtone (3—0) band, 
R(J—1) 


= 5382.01+8.250J —0.2517J’; 
P(J) 


(15) 


TaBLe IX. Vibrational constants (kaysers) of DBr” and DBr*. 











Constant DBr” DBr® 
o(1—0) 1839.82 1839.29 
o(2—0) 3634.10 3633.03 
We 1885.327 1884.74, 
XeWe 22.732 22.715 
Vee —0.010. —0.010; 
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and DBr*! second overtone (3—0) band 


R(J-1) 
P(J) 


= 5380.55+8.250J — 0.251732. (16) 


The wave numbers of the lines calculated from these 
equations are given in the third columns of Tables 


V and VI. 


Vibrational 


The fundamental and first overtone band centers of 
DBr from this investigation were used with Naudé 
and Verleger’s’ third overtone (4—0) band centers of 
HBr to determine the vibrational constants w,, «We, 
and yw,. Using these six band centers, together with 
Eq. (5) and the mass conversions of Table VII, it 
was possible to write six equations in terms of w,, X4ve, 
and yw, of DBr*. The two equations from each band 
were then added and the resulting three equations were 
solved for the vibrational constants of DBr*!. The vibra- 


TABLE X. Band centers (kaysers) of DBr and HBr.® 








Band center Wave numbers 





Molecule assignment Observed Calculated A 
DBr® o(1—0) 1839.82 1839.83 —0.01 
a (2—0) 3634.10 3634.10 0.00 
a(3—0) 5382.01 5382.75 —0.74 
DBr®! a(1—0) 1839.29 1839.28 0.01 
o(2—0) 3633.03 3633.03 0.00 
o(3—0) 5380.55 5381.18 —0.63 
HBr” o(1—0) 2558.76 2558.79 —0.03 
a (4—0) 9694.50 9694.50 0.00 
HBr®! o(1—0) 2558.40 2558.41 —0.01 
ao (4—0) 9693.15 9693.14 0.01 




















® Observed band centers of ¢(1—0) of HBr by Thompson, Williams, and 
Collomon; observed band centers of «(4 —0) of HBr by Naudé and Verleger. 


tional constants of DBr” were obtained by applying 
mass conversions to the constants of DBr*. The con- 
stants obtained in this manner are listed in Table IX. 

Finally, the mass conversions of Table VII were 
applied to the vibrational constants of DBr in such a 
manner as to yield values for the vibrational constants 
of HBr. All of the constants were then used to calculate 
the band centers of the 1—0, 2—0, and 3—0 bands of 
DBr, and the 1—0 and 4—0 bands of HBr. The ob- 
served and calculated band centers are listed in Table 
X. The agreement between the observed and calculated 
band centers of the 1—0 of HBr, which was not used 
in the determination of the vibrational constants, is 
seen to be very good. The difference of approximately 
0.7 K between the observed and calculated band centers 
of the 3—0 of DBr is perhaps not unreasonable consider- 


ing the sources of error affecting measurements on 
this band. 
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The temperature jump and low pressure methods are used to determine the accommodation coefficients of 


He, Ne, and CO; on platinum under conditions as closely identical as compatible with the methods. Agree- 
ment is very close for He and for COs, giving values centering about 0.176 for He and 0.78 for CO2. For Ne 
the results are ambiguous, giving good agreement with one sequence of preparation and giving temperature 
jump values 25 percent low with another. Variability is correlated with preparation history and variability 
with time is noted by both methods. Thermal conductivity values of He, Ne, and CO are given and com- 


pared briefly with values in the literature. 


INTRODUCTION 


E have previously, from this laboratory, ex- 

pressed concern and discussed reasons for the 
wide variation in the published values of the thermal 
accommodation coefficients (A.C.), excluding those for 
presumably clean surfaces.'? One quite possible con- 
tributing reason for this wide variation could be in- 
ability of the two prominent methods of determination 
of the A.C. to agree. Roughly two thirds of the A.C. 
values in the literature were obtained by the ‘‘free 
molecule” or low-pressure (L.P.) method, utilizing the 
pressure range in which the thermal conductivity is 
linear with pressure (usually below 0.05 mm but upper 
limit determined by filament diameter and the specific 
gas). The L.P. method is based on theory which be- 
comes very accurate at sufficiently low pressure and if 
the experimental details are adequately handled seems 
to be without serious objection. The temperature jump 
(T.J.) method, which has contributed the other third 
of the A.C. values, utilizes measurements of thermal 
conductivity at a series of pressures over which this 
property of the gas is independent of pressure but, due to 
the pressure-dependent temperature discontinuity be- 
tween filament and gas, the apparent conductivity of the 
cell diminishes as pressure decreases. Theory relating 
this temperature discontinuity to the A.C. seems to be 
precariously based. Kennard* has outlined the T-J. 
theory essentially as we and others have applied it and 
states, page 324, concerning it: ‘‘Furthermore, it must 
not be forgotten that our formula (238a), while probably 
the best available, is itself subject to some uncertainty.” 
Modern work with the T.J. method begins with 
Dickins,* followed by Archer,’ Gregory and co- 
workers,®:? and more recently by Grilly, Taylor, and 


!L. B. Thomas and Olmer, J. Am. Chem. Soc. 65, 1036 (1943). 

ont B. Thomas and R. E. Brown, J. Chem. Phys. 18, 1367 
(1950). 

3 E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938). 

4 Dickins, Proc. Roy. Soc. (London) A143, 517 (1933). (See 
Kennard (reference 3) for recalculation of Dickins values.) 

5 Archer, Phil. Mag. 25, 129 (1938); Proc. Roy. Soc. (London) 
A165, 474 (1938). 

® Gregory, Proc. Roy. Soc. (London) A149, 35 (1935). 

7 Gregory and Dock, Phil. Mag. 25, 129 (1938). 
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Johnston.$ All the work is on platinum. There are two or 
more published values by the T.J. method for He, CO, 
Ov, He, COs, and NO. Agreement is good (within +5 
percent of the mean) for the first three, but, five A.C. 
values for H2 range from 0.23 to 0.40, the three values for 
CO, are 0.45, 0.64, and 0.78, and the two values for N,0 
are 0.61 and 0.76. Agreement of T.J. with L.P. values is 
good (+5 percent) for CO and On, but the average T.]. 
value is 30 percent high for He, 25 percent low for COs, 
and 150 percent high for He compared to modern prob- 
able values by the L.P. method. The lack of agreement 
between methods for helium in particular (0.50,* and 
0.538 by T.J. and a mean value around 0.2 by L.P.) 
suggests that the two methods might not yield the same 
A.C. value, especially since helium could hardly show 
complications due to its adsorption or to internal heat 
capacity which conceivably could alter the values 
obtained in the two pressure ranges. We have thought 
it important to make a careful comparison of the two 
methods on the same filament, in the same tube and 
vacuum system, with gas from the same reservoir and 
purification system—in short, under as near identical 
conditions as are consistent with the experimental 
procedures necessary. We have chosen He, Ne, and 
CO. on platinum for investigation and have devoted 
most of the work to helium. 


EXPERIMENTAL 


The tube used is shown in Fig. 1. The filament is of 
thermocouple grade platinum (Bishop), 0.01255 cm 
diam and 26.35 cm length, and is accurately located on 
the axis of a Pyrex tube of 0.398-cm internal radius 
(0.510-cm external radius) selected for uniformity and 
straightness. The tube is of an end heater type in which 
platinum blocks, carrying thermocouples and potential 
leads and tapered sharply to the point of filament 
attachment, are maintained in use at the filament 
temperature by heat flow along the tungsten supports 
from the platinum wire heaters wound in glass. Ac- 
curate centering, originally adjusted according to 
micrometer eyepiece readings, is maintained on filament 


8 Grilly, Taylor, and Johnston, J. Chem. Phys. 14, 435 (1946). 
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expansion by having the tip of the lower block and the 
center of the tungsten spring on a horizontal line. The 
heater circuits are powered by twin 6-volt transformers, 
with variable resistance in the secondaries, which in 
turn draw from a constant voltage transformer. The 
tube was maintained in a thermostat bath (kerosene) 
at 30°C for all A.C. measurements. 

The vacuum system is all of Pyrex glass with mercury 
condensation pump, liquid air traps, and no stopcocks 
in the system as used during measurement. The gas 
admitting system, separated by a mercury cutoff, had 
several mercury seal stopcocks with “Apiezon N” 
grease. The purest available ‘“‘Airco” gases in Pyrex 
flasks were used, and the helium and neon were admitted 
from standing over outgassed charcoal at liquid air 
temperature. A wide range McLeod gauge was used for 
the lower pressures and a cathetometer, sighting on 
mercury columns in the 25 mm. “‘U” tube leading to the 
condensation pump, was used at the higher pressures. 
The tube and system were frequently torched and baked 
to 450°C to promote at least moderately clean vacuum 
conditions. 

Electrical measurements were taken with a Type K-2 
potentiometer and standard resistance to at least four 
significant figures. A calibrated manganin fixed resistor 
with potential leads at 0.02-ohm intervals was used in 
series with the filament which was brought to the de- 
sired temperatures by adjustment of the current to- 
gether with the block temperatures until the filament 
showed the same resistance as that selected on the 
standard. Under this ‘‘balanced” condition the filament 
temperature is constant over its entire length and there 
are no end losses. The “balancing” operation requires 
from 15 to 45 minutes, being the more tedious in vacuum 
and low pressure. The temperature coefficient of resist- 
ance of the filament (0.00388) and the voltage-tempera- 
ture scale of the Pt; Pt, 10-percent Rh thermocouples 
were very carefully determined against N.B.S. cali- 
brated thermometers. The power loss in vacuum 
(radiation loss) was determined. It follows very closely 
the Stefan-Boltzmann law with emissivity linear with 
absolute temperature, given by e=1.72K10~T or 
e=0.047 at O°C. The L.P. runs were taken with 
pressures below 0.05 mm for He and below 0.03 mm 
for Ne and CO:. The T.J. runs were taken with five 
pressures in the range 1 cm to 12 cm. The vacuum 
preparation and time elapsed thereafter were found to 
affect the resulting A.C. values by both methods. These 
will be specified in the discussion of results. Most of the 
tuns were taken on the day following bake out which 
allows sufficient time for the A.C. to reach a steady 
condition. 


THEORETICAL TREATMENT OF DATA 


The L.P. method needs no elaboration here. To ob- 
tain the A.C. values we have simply subtracted the 
power loss in vacuum (radiation only) from that in gas, 
reduced to unit AT and P and divided by the quantity 
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(C,/R+4)(R/2xMT)' (filament area). With pressure 
in mm at bath temperature 303.1°K and filament sur- 
face 1.039 cm? this expression gives 0.02893 (watt) for 
He, 0.012885 for Ne, and 0.017479 for COs. 

The T.J. method as applied here is modified somewhat 
but follows Kennard?’ in the main and uses his symbols 
where feasible. Applying the Poisson T.J. expression 
to the Fourier heat conduction equation one finds for 
Q, the total heat conducted in a cylindrical cell with 
filament radius r;, filament surface A, inner wall radius 
ro, temperatures of filament and wall T; and T,,: 


AK(T;-— Tw) 
ry Inre/ritgit r1g0/r2 


K is the effective thermal conductivity of the gas as- 
suming that it behaves as a homogeneous medium and 
gi and g» are the temperature-jump distances at filament 
and wall. Dividing Q by A and AT, ie., (T;—T.), 
neglecting the last term in the denominator, substi- 





(1) 
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tuting g://P for g: in which gy,’ is independent of 
pressure one obtains: 


A=K/(n Inre/r:+-g1'/P). (2) 


The experimental measurements determine A as a 
function of P. The reciprocal of A plotted against the 
reciprocal of P yields a straight line according to (2) of 
form y=mx+b with slope m=g,'/K and intercept 
b= (r,/K) Inr2/r:. These plots are referred to as the 
“reciprocal plots” and Fig. 3 shows five of them 
(atypical examples). Actually, with certain reservations 
discussed later, the experimental points, at pressures 
above 2 cm, are linear enough to warrant confidence in 
the formal theory thus far. The thermal conductivity, 
K, of a gas varies in a complex way with temperature 
and K above is the K value at some temperature within 
the AT range. From the data of Johnston and Grilly® 
we find that in the range of interest for helium (and we 
presume the same for neon) K«TJ? and for COs, 
K«T? approximately. With these relations and the 
Fourier equation we find for He and Ne the tempera- 
ture, Tz, at which K is the heat conductivity 


T/i5— T 5 2 
va 
1.5AT 


T ?5— T.** 3 
re-| F 
2.5AT 








and for CO. 








Both of these expressions give Tx very close to the mid- 
temperature of T; and T,,, i.e., Tx=Tw+AT/2. 
The Poisson expression assumed above is 


ar 
T,-T.= -2(—) (3) 
dr r=r, or T=Te¢ 


in which T,, (Kennard’s 7x) is the temperature in the 
gas at the filament surface assuming that the tempera- 
ture gradient continues in regular functional relation to 
r, as established out in the gas, right up to r=r;. 
Combining the kinetic-molecular and heat flow aspects, 
the heat conducted from unit area of filament per second 
is 


dT 
-Kr(—) 
dr/T- 


ni (Cy+4R dT 
4 N dr/T,. 


in which “a” is the A.C., ‘‘2”’ is the number of molecules 
per cm’, “@” is the average speed, ‘“‘V”’ is the Avogadro 
number, and “C,” and “R” are the usual molar quanti- 
ties. Equation (4) is, as we see it, an attempt to set up 
the Knudsen A.C. in a more complicated situation than 
the L.P. case. As in the L.P. case, Eq. (4) equates 





*H. L. Johnston and E. R. Grilly, J. Chem. Phys. 14, 233 (1946). 
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observed heat flow to the A.C. multiplied into the 
possible heat that could be taken by the incoming 
molecules if they were to attain the energy character- 
istic of T,. It makes a statement of the energy of 
incoming molecules (for difference calculation pur- 
poses), which is rendered applicable thru assumptions 
of the T.J. method as stated. The merit of the T-]. 
method depends upon its ability to give the Knudsen 
A.C. We do not see the desirability of defining a second 
“Maxwell-Knudsen A.C.” as suggested in reference 9, 
unless it may serve some purpose in an engineering 
sense as a heat transfer coefficient with no direct 
fundamental significance or unless it is merely to 
identify it as having come from the T.J. method. It is 
to be noted in Eq. (4) that K, dT /dr, n, @, and C, all are 
to be taken at T,. Equation (4) leads to 


2—a gi sC, 1 2R \3 
(eZ) 
a Kr.\R 2/’\xnMT, 
Z 26,2 2R \} 
f(t) 
Kr.\R 2/\nMT, 
For He and Ne: 


AT.\3 
m( Tot ) 
2—a 2 8R \} 
= (—) = Bm. (5) 
a Twt AT, tM 


For a typical helium run A7,, i.e., (T.—T) varies from 
87 percent (at 10 cm) to 40 percent (at 1 cm) of AT, 
i.e., (T;—T.~). It appears, if the A.C. is constant and 
the above substantially correct, that the reciprocal 
plots should not be quite straight, but that the slope, 
m, should diminish at lower pressures, i.e., to the right 
on the reciprocal plots. However, we have emphasized 
the slopes toward the left of the plots and have used 
AT rather than AT, in the calculation of 8. For helium, 
B varies from 0.5422 to 0.4797 as AT goes from 11.22° 
to 68.39°. For neon, only “M” is changed and the 
approximation of AT for AT, is better. For calculation 
of C, in 8 for COz we have used a four-constant ex- 
pression.” The expression corresponding to Eq. (5) for 


COz is 
AT.\} 
m( Tat ) 
2-—a 2 2R\*sC, 1 
a AEH» 
a (TwtAT,)? arM z 2 


and the substitution of AT for AT, is still less objection- 
able. After calculating each 6 value and determining 
‘‘m” from the reciprocal plots the A.C. is obtained from: 


Ed 
2 
 Bm+t 


10S. Glasstone, Thermodynamics for Chemists (D. Van Nostrand 
Company, Inc., New York), p. 503. 
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ACCOMMODATION COEFFICIENTS, THERMAL CONDUCTIVITIES 


For the A.C. calculations the temperature drop across 
the glass envelope is neglected. 


EXPERIMENTAL RESULTS AND DISCUSSION 


With helium we have taken seventeen sets of data at 
each of six values of AT from 6° to 180° by the L.P. 
method and fifteen sets using five pressures at each of 
five values of AT from 11.22° to 68.39° by the T.J. 
method. The resulting A.C. values at each of the three 
AT values common to both methods are given in the 
order taken in Table I. Runs 1 to 6 are regarded as trial 
runs for which vacuum conditions and filament prepara- 
tion were not carefully controlled. Run 13 was started 
as soon as feasible following extended flashing of the 
filament to clean the surface (partially). A.C. measure- 
ments were taken from 20 to 990 minutes after flashing, 
at AT=50.4, by the L.P. method. Curve A of Fig. 2 
shows that the A.C. values rise during the first part of 
the period and hold a steady apparently limiting value 
after about 400 minutes. This behavior is typical and 
has been observed numerous times with helium and 
neon on both platinum and tungsten. Run 6 shows 
A.C. values over twice those normally observed in a 
well kept vacuum system. In this case the filament had 
been exposed to air in the system for days and the A.C. 
determinations were made without any attempt other 
than evacuation—no torching or flashing—to clean up 
the filament or system. Run 15 by the T.J. method was 
made without a waiting period following extended 


TABLE I. Accomodation coefficients of helium 
by two methods. 








Type AT =11.22° AT =21.40° 





0.265 
0.211 
0.208 
0.217 
0.151 
0.422 
0.191 


Lf. 0.255 
Lak. 0.233 
Fr . 0.243 
i 0.253 
0.156 
0.431 
0.191 


CSOnsOU wwe 


i2* Lik 


0.224 
0.291 
0.172 
0.174 
0.191 


0.218 
0.284 
0.164 
0.175 


0.183 


0.183 183 
o (L.P. time run; A.C. from 0.136 to 0.183, 1000 min, AT =50.4) 
0.151 1 


TW ba wie ak RE Pee 


iy 
a 


(excluding 
No. 15) 

Av. of LP* 
Ap. of TJ* 


0.154 
0.117 
0.158 
0.171 
0.170 
0.186 
0.186 
0.186 
0.170 
0.155 
0.196 
0.186 
0.167 
0.190 
0.149 
0.146 
0.163 
0.185 
0.160 
0.152 
0.183 


0.167 


0.1766 ( +0.009) 
0.1780 ( +0.012) 


0.118 
0.159 
0.166 
0.163 
0.186 
0.178 
0.178 
0.175 
0.159 
0.197 
0.183 
0.166 
0.190 
0.141 
0.146 
0.162 
0.181 
0.163 
0.151 
0.180 


0.166 


0.1739 ( +-0.009) 
0.1766 ( +0.013) 


0.144 
0.120 
0.161 
0.164 
0.160 
0.181 
0.175 
0.176 
0.168 
0.173 
0.195 
0.187 
0.164 
0.185 
0.144 
0.149 
0.163 
0.180 
0.163 
0.155 
0.178 


0.167 


0.1737 (+0.008) 
0.1745 (40.012) 
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Fic. 2. Change of accommodation coefficient with time. 


torching and flashing. The lower pressure points, taken 
first, show abnormally high values of 1/A which gives 
the reciprocal plots large slopes and a concave (upward) 
shape. Run 28 is of similar nature and will be con- 
sidered in some detail since it demonstrates (for the 
first time to our knowledge) distinct time effects 
observed by the T.J. method. The reciprocal plots are 
shown in Fig. 3, and the points numbered were taken in 
that order. The points below 0.3 in abscissas, taken in 
the latter part of the run after the A.C. had stabilized, 
serve to fix the straight lines and give values of K at the 
1/P=0 intercepts which are consistent with other 
runs. The approach in succession of the points to the 
lines demonstrates an increase of the A.C. with time. 
The individual A.C. values indicated by the points are 
shown as time runs in Curve B, Fig. 2 (points 1 to 5) 
and Curve C, Fig. 2 (points 6 to 10). (Between points 
5 and 6 there is a break in continuity with admission of 
new gas for the higher pressure.) The rate of increase 
of the A.C. with time is of the same order as that 
observed by the L.P. method although the gas pressure 
in the latter is about 0.1 percent of those used in the 
T.J. runs. The discussion so far indicates that low 
values of the A.C. are encountered under the cleaner 
conditions of vacuum system and filament and high 
values under lax conditions. It is obvious that this 
factor must be controlled to obtain reproducibility 
within either method. Difficulty with this filament 
surface condition is the greatest source of uncertainty 
in the comparison of the two methods, with helium and 
neon at least. 

Comparison of A.C. values in Table I taken by the 
two methods (except 1-6, 9, and 15 which are considered 
atypical) shows the average A.C. by the T.J. method to 
be .7.6 percent below that of the L.P. method. More 
reliable comparison of the methods can be obtained by 
selection of runs on the basis of preparation history 
together with the quality of the reciprocal plots in the 
case of the T.J. runs. The starred runs were selected on 
these bases only, without regard to resulting A.C. 
values. They were prepared by baking, flashing, filling 
with gas one day, then were left to stand 12 hours at 
least until the A.C. according to our experience, should 
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Fic. 3. Reciprocal plots for run 28. 


stabilize. Comparison of starred values gives 0.1747 
+0.0095 by the L.P. and 0.1764+0.012 by the T-J. 
method. The deviation from the mean in each case is 
due largely to real differences in the A.C. prevailing 
rather than uncertainty in the determinations. The 
mean deviations within each run at different AT are 
+0.0025 for the L.P. and +0.0015 for the T.J. and over 
half of these is due probably to a real change of the 
A.C. with AT. Indications are that the accuracy by 
either method is at least tenfold better than the 
observed variation attributed to surface condition in 
the most carefully controlled starred runs. We conclude 
that the two methods agree very well applied to helium. 
The A.C. values of 0.504 and 0.53° by the T.J. method 
cannot be attributed to failure of the T.J. method to 
agree with the L.P. method. 

For neon, results by the two methods are set forth 
in the order taken at the common AT values and also 
at AT=180° for the L.P. runs in Table II. Run 5 is a 
time run and is plotted in detail in Curve D, Fig. 2. 
After five hours the A.C. has almost reached the stable 
value 0.353 which holds for the next 12 hours. Run 5 was 
followed as quickly as possible by T.J. Run 6 at the same 


TABLE II. Accommodation coefficients of neon 
by two methods. 











Run Type AT =11.22° AT =21.40° AT =50.4° AT =180.4° 
1 T.]. 0.326 0.318 0.315 
2 L.P. 0.468 0.456 0.445 0.431 
3 TJ. 0.326 0.330 0.322 
4 L.P. 0.416 0.392 0.387 0.305 
5 L.P. (Time run; A.C. from 0.296 to 0.353 in 1500 min; 
AT=21.4°) 
6 T.J. (Follows 5 immediately; A.C. 0.368; AT=21.4°) 
7 yo Ol 0.337 0.330 0.326 
8 L.P. 0.454 0.448 0.433 0.333 
~ 2, 4,8 0.446 0.432 0.422 
LP. 
Av. 1, 3,7 0.330 0.326 0.321 
by T.J. 
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AT. This gave an A.C. 0.368 which may be considered 
very good agreement. The other runs consist of three 
pairs of T.J. followed by L.P. runs. The gas samples for 
the L.P. runs were trapped from the last highest pres- 
sure part of the T.J. run just preceding, a procedure 
which was not followed with helium but which we hoped 
would give closely comparable surface conditions. The 
temperature jump runs gave excellent reciprocal plots 
(16 in all), showing a slight decrease in slope to the 
right as predicted earlier from theory and as observed in 
the later helium runs when the filament had aged long 
enough in the system to give stable A.C. values. These 
T.J. neon runs show good self-consistency, averaging 
about 0.326 (neglecting small real differences with A7). 
The L.P. runs average 0.433 which is 33 percent higher 
than the T.J. average. There are no T.J. values for 
neon in the literature. The L.P. A.C. values found here 
are lower than others in the literature (0.75, 0.65, 0.70, 
0.57,! 0.55,? 0.54). Even so, information in Runs 4 and 
8 for AT = 180.4° indicates by the large drop in the A.C. 
for the 130° increase in the AT that there is loosely 
adsorbed gas on the platinum at the lower AT values. 
We are inclined to credit the finding of Runs 5 and 6 


TABLE III. Accommodation coefficients of CO» 
by two methods. 











AT AT AT AT AT 
Run Type =11.22° =21.40° =37.7° =50.4° =68.4° 
1 ar. 0.781 0.786 none 0.771 none® 
2 Otek x x 0.77 0.81 0.82 
> 2 x x 0.79 0.80 0.75 
/. Sy. x x 0.79 0.78 0.77 








a (L.P. A.C. values are 0.729 at AT97.6°; and 0.687 at AT180.4°). Av. 
values: T.J. 0.787 +0.017; L.P. 0.779 +0.006. 


and attribute the disagreement in the other runs to 
consistent failure to reproduce the same surface con- 
dition from the T.J. to L.P. runs rather than to failure 
of the T.J. method in this case. It might be added that 
neon has been in other instances markedly difficult in 
the variability of its A.C. 

For carbon dioxide the results are presented in Table 
III. Since variation of the A.C. with time is not dis- 
played by CO, and the L.P. values agreed well with 
previous work in this laboratory, Run 1 was the only 
one made by this method. Difficulty was experienced 
getting satisfactory reciprocal plots by the T.J. method 
at low AT—in the cases of poorly defined slopes we have 
marked “x” in Table III. No distinct trend of the 
A.C. with AT is noted in the table so simply averaging 
values for each method gives 0.787+0.017 by the T.J. 
and 0.779+0.006 by the L.P. method. Agreement is 
considered excellent and it is also in very good agree- 
ment with 0.78! by T.J. and 0.807 by L.P. (Knudsen) 
and 0.76! by L.P. but is disturbingly off from the 0.63° 
and 0.45° by T.J. In both reference 8 and 5 the AT used 
was in the range we have tried and omitted. Our 
average of the six values omitted is about 0.65. Al- 
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ACCOMMODATION COEFFICIENTS, 


though speculative, it appears that in the case of CO» 
adsorption may increase to such an extent at low AT 
and the relatively high pressure of the T.J. method, 
that it may cause a reversal of the usual effect and 
actually lower the A.C. Archer® has treated his data 
differently than that outlined by Kennard’ and others 
and has used a different type of reciprocal plot. We 
have treated the data of his Table III by our method 
and find agreement with his thermal conductivity value 
but a rather poor reciprocal plot which can be inter- 
preted to yield A.C. values 0.42 to 0.51 at 24.2°C 
filament temperature. However, it is definitely in 
disagreement with our 0.787 value. In summary, very 
good agreement by the two methods was found for CO» 
using the T.J. method with AT at least 37.7° but that at 
lower AT by the T.J. method an apparent instability 
in the A.C. appears. 


THERMAL CONDUCTIVITIES OF He, Ne, AND CO, 


As a product of the A.C. studies, the thermal con- 
ductivities of the gases have been obtained from the 


TABLE IV. Thermal conductivities of He, Ne, and CO». 








No. of 
trials 
TK included 


308.7 10 
313.8 10 
322.0 9 


328.3 9 
337.3 7 


RK x10: 
(Calories) 


3.707840.53% 
3.7509-+0.28% 
3.810640.18% 
3.8799-+.0.50% 
3.942540.44% 





Helium 


308.7 
313.8 
322.0 
328.3 
337.3 


1.199 +0.20% 
1.2119-+0.21% 
1.2362+0.18°% 
1.2532+0.25% 
1.2800-+0.23% 


Neon 


313.8 
322.0 
328.3 
337.3 


Carbon dioxide 0.4184+0.19% 
0.4331+0.1% 
0.4451+0.07% 


0.4640+0.04% 








intercepts, 5, of the reciprocal plots. Considering the 
care taken in the measurements involved, the ad- 
vantages of the type of tube used, and the extensive 
repetition, these results could be among the best in 
accuracy. They are limited to the single bath tempera- 
ture but are unusually extensive with respect to range 
of AT and in the case of helium in the number of 
repeated runs. Results are shown in Table IV. Only 
those runs for which the reciprocal plots are satis- 
factory for definite location of the intercept are included 
in calculating the average value of “‘b.”” The subtraction 
of 0.138 from “8” corrects for the resistance to heat flow 
in the glass envelope—K (in calories) is taken as 0.0027. 
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TABLE V. Interpolated thermal conductivities 
of He, Ne, and CO». 








Kne X10 Kcoz X 10+ 


1.2016 0.4117 
0.4175* 
0.4290 
0.4371* 
0.4483 


Kue X104 


3.718 
3.674* 
3.801 
3.746* 
3.883 





310°K 
310°K 
320°K 
320°K 
330°K 


1.2304 
1.2580 








« K values given in Table IX, J. and G., reference 9. 


The AT of measurement, the temperature 7 at which 
K applies, the number of reciprocal plots used to get the 
average intercept, the K values obtained with the 
mean deviations are given in the table. To obtain values 
of K for comparison with others the K values were 
plotted against Tx and K values applicable at 310°, 
320°, and 330°K were read from the graphs. These are 
shown in Table V together with values from J. and G. 
Selecting the K values at 310°K as most accurate 
(since they are associated with smallest AT and hence 
smallest error in assigning the temperature to the K 
observed) and comparing with the J. and G. results 
at 310°K, our “A” for helium is 1.2 percent greater 
and for CO, is 1.4 percent smaller than these. On 
the plausible assumption that our values would keep 
the same percentage deviation from J. and G. at 
the ice point, our values show remarkable agreement 
with Kannuluik and Martin" (deviation from J. and 
G.+1.2 percent for He and —1.5 percent for CO2) and 
are in excellent agreement with the mean of the closely 
grouped values of K. and M., Weber, and Eucken 
(given in J. and G. Table X) which average +1.17 
percent deivation from J. and G. for He and —1.4 
percent for CO:. Perhaps this independent check on 
these thermal conductivities summarized in J. and G., 
Table X, may be taken as an indication that J. and G., 
while expanding the breadth of thermal conductivity 
measurements may not have attained the absolute 
accuracy of the other investigators mentioned, at least 
with He and COs. Assuming that our Ky./Kne ratio 
at 310°K would remain the same at 0°C, and borrowing 
the K. and M. value for He at 0°C (K=3.43X10~), 
we obtain 1.1085X10~ for Ne at 0°C. This is 0.3 
percent below that of K. and M. and 0.4 percent above 
Weber’s later value (1927), which again is unusually 
close agreement for thermal conductivity values. 

We wish to express our appreciation for the support 
given this investigation by the Office of Ordnance 
Research and by the U. S. Office of Naval Research. 


1 Kannuluik and Martin, Proc. Roy. Soc. (London) A144, 496 
(1934). 
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The vibrational spectra of Ge and Si have been constructed by computation of 174 characteristic fre- 


quencies in 29 directions by Born’s lattice theory as elaborated by Smith. Two approximations have been 
considered, involving (a) the interaction between each atom and its first neighbors only, and (b) the inter- 
action between the atom and its first neighbors, and the central force interaction between the atom and its 
second neighbors. The specific heats of Ge and of Si at low temperatures are calculated from the spectra. 
The theory indicates a minimum of the Debye characteristic temperature in qualitative agreement with 


the experiments, but fails to give quantitative agreement. 





I. INTRODUCTION 


UBSTANCES with diamond structure such as 

diamond, germanium, silicon, and grey tin show 
that the variations of the Debye characteristic tempera- 
ture can be very large. Such substances are good test 
cases for the lattice theory developed by Born and 
von Karman.! The details of the general theory have 
been worked out by Smith’, who has calculated the 
frequency spectrum of diamond by two different ap- 


TABLE I. Frequencies of vibration of Ge under the 
action of first-neighbor forces only. 











(units of w; are 10! sec™) 





De py pz @1 we @3 w4 W5 w6e 

8 4 0 6402 6402 4.924 4.924 2.739 2.739 
8 2 2 6488 6364 5.120 4.720 2.826 2.531 
8 2 0 6402 6402 4924 4924 2.739 2.739 
8 0 O 6402 6402 4924 4.924 2.739 2.739 
7 3 1 6483 6398 5.241 4.586 2.750 2.543 
7 1 #1 «6449 6414 5346 4463 2.712 2.627 
6 6 O 6488 6364 5.120 4.720 2.826 2.531 
6} 4-2), «fie6l.:.6473.~, $.378:.. 4.423; 2.567 2275 
6 4 0 6541 6406 5.392 4407 2.732 2.388 
O° 2” °2° 6508" OES ~§ 5.522 4243 25511 2:4352 
6 2 0O 6.531 6471 5666 4049 2.574 2.416 
6 0 0 6.503 6503 5.790 3.869 2.491 2.491 
5 5 1 6590 6450 5.399 4398 2.625 2.252 
S'S" 3! GOP 6592" 5.377 “4425 - 2.244 2063 
Os! @ ! di O82, 0.544. 5.75% ,. 3.919... 2,390 2.091 
5 1 1 6.609 6605 6048 3.451 2.206 2.194 
4 4 4 6.689 6.689 5.373 4.430 1.937 1.937 
4 4 2 6.689 6.623 5.636 4.090 2.151 1.937 
4 4 0 6.689 6534 5.858 3.765 2.409 1.937 
4 2 2 6715 6.703 6043 3.461 1.887 1.846 
4 2 0 6.745 6658 6.249 3.073 2.041 1.730 
4 0 0 6.714 6714 6434 2.665 1.847 1.847 
> S$ S$ S455 6.133 S871 3.146 “1.778 ‘1:778 
3 3 1 6.786 6.707 6.228 3.115 1.873 1.549 
S 1... 680; 6747. 6603..2213 1602 12480 
2 2 2 6.833 6833 6458 2.606 1.341 1.341 
2 2 O 6.884 6831 6649 2.069 1.352 1.048 
2 0 0 6.895 6.895 6.830 1.359 0.973 0.973 
1, & @ O327 63927 6835 1332 0.116 0.716 








*The preliminary calculation on the Ge case was done at 
Purdue University and has been reported at the American Physical 
Society Chicago meeting in 1951 [Phys. Rev. 85, 730 (1952)]. 
Part of the work since then was done while the author was at 
Hampton Institute, Hampton, Virginia. 

1M. Born and T. von Karmén, Physik Z. 13, 297 (1912); 14, 
15 (1913). M. Born, Repts. Progr. in Phys. (London) 9, 294 (1942). 
oa and G. H. Begbie, Proc. Roy. Soc. (London) A188, 179 

?H. M. J. Smith, Trans. Roy. Soc. (London) A241, 105 (1948). 


306 





proximations, taking into account (a) the interaction 
between each atom and its first neighbors only, and (b) 
the interaction between each atom and its first neigh- 
bors, and the central-force interaction between the 
atom and its second neighbors. With an adjustment of 
the elastic constants of diamond measured by Bhaga- 
vantam and Bhimasenachar,’ the frequency spectrum 
obtained from the case (b) could give specific heat 
values in good agreement with experiments. The 
present calculation follows exactly the method used 
by Smith. Both the case (a) and the case (b) have 
been considered. 


II. VIBRATIONAL SPECTRUM OF GERMANIUM 


According to the lattice theory (by the notation of 
Smith), the force constants between the atoms and 
the elastic constants of the crystal are related by the 
equations 

Ci= (1/24) (a+ 8y), 

Cie= (1/20) (28B—a—4A—4y+ 87), (1) 

Crs= (1/20) (a—B’/a+4A+4y), 
where a and £ are the force constants between an atom 
and its first neighbors; A, u, 7 are the force constants 
between the atom and its second neighbors; and 2a is 
the lattice constant. As a first approximation, if 
\=yu=7T=0, the elastic constants should satisfy the 
condition 


AC (Cu—Cas)/ (CutCr)?= 1. (2) 


In the case of germanium, the elastic constants 
measured by Bond‘ and his collaborators, using 5.35 
as the specific gravity, are 


Cyn=1.298XK10", Ci2=0.488X 10”, 
dynes/cm*. The germanium atom has a mass 
m= 1.205X 10 g, 


and the lattice constant calculated from this mass and 


Cus = 0.673X 10” 


3S. Bhagavantam and J: Bhimasenachar, Proc. Roy. Soc. 
(London) A187, 381 (1946). 

4 Bond, Mason, McSkimin, Olson, and Teal, Phys. Rev. 78, 
176 (1950). 
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VIBRATIONAL SPECTRUM AND SPECIFIC HEAT OF Ge 


the specific gravity is 
2a=5.649X 10-* cm. 
The left side of Eq. (2) has the value 1.017, which 
shows that the first approximation should be fairly good. 
A. First Approximation 


With A=yu=7=0, the average values of a and 8, 
from the three Eqs. (1) are given by 


a=7.307X10', B=5.046X 10! dynes/cm. 


The numerical values of the characteristic frequencies 
of vibration w; in the twenty-nine directions chosen 
(Eqs. (3.11) and (3.13) of Smith’s paper) are given in 
Table I. 


TABLE IT. Frequencies of vibration of Ge under the action 
of first- and central second-neighbor forces. 








(units of w; are 10! sec) 
@i @we2 @3 @4 @W5 


6.776 6.776 142 5.142 2.717 
6.891 6.723 4.907 _ 2.784 
6.784 6.784 bee | S921" 2.236 
6.792 6.792 101° 5.101 = 2.755 
6.907 6.731 4.757 = 2.715 
6.846 6.794 5824. 2.707 
6.891 6.723 351 907 =—.2.784 
7.006 6.890 2 .60. 2.462 
6.949 6.770 .656 01d 2.683 
6.968 6.879 194 37 2.482 
6.934 6.864 945 ; 2.556 
6.907 6.907 2.503 
7.010 6.825 2.579 
7.081 7.048 2.126 
7.065 6.942 : i 2.359 
7.030 7.020 373 3.523 2.201 
7.125 7.125 4.539 1.948 
7.125 7.041 4.192 2.139 
7.125 6.923 3.873 2.366 
7.148 7.138 3.523 1.899 
7.146 7.126 3.130 2.008 
7.151 7.151 2.697 1.849 
7.176 7.176 3.813 1.787 
7.240 7.143 3.183 1.837 
7.275 = 7.257 2.384 1.482 
7.292 7.292 2.627 1.346 
7.352 7.286 7.071 2.085 1.342 
7.363 7.363 7.284 1.365 0.972 
7401 7401 7.289 1.334 0.718 
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One obtains the frequency spectrum by dividing the 
range of the values of w into equal intervals 


dw=0.6X 10" sect, 


and counting the number of frequencies in each interval. 
Three histograms each shifted 0.2 10" sec from the 
other two were plotted and smoothed out. The vibra- 
tional spectrum was thus obtained as shown in Fig. 1. 


The characteristics of the spectrum are given in 
Table III. 


B. Second Approximation 


One obtains a second approximation to the frequency 
distribution by considering the second-neighbor forces 


AND Si 307 
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Fic, 1. Frequency spectrum of Ge (first-neighbor forces only). 


to be central, i.e., A=0, w= 7. The three force constants 
a, 8, and uw are, from Eqs. (1), 

a= 8.348X 101, 

B=5.807X 104, 

u=—0.127X 104 dynes/cm. 


For this case the characteristic frequencies are given in 
Table IT. 











ee 


Fic. 2. Frequency spectrum of Ge (first- and central 
second-neighbor forces). 





TABLE ITI. Characteristics of the frequency spectra 
in Fig. 1 and Fig. 2. 

















Fig. 1 Fig. 2 

Freq. of main maximum a; 6.65X 10" sec"! 7.00 10" sec” 
Freq. of second maximum w. =2.45X10"sec! 2.4010" sec! 
Freq. of minimum w; 3.35X10"% sec! 3.50 10" sec 
w/w» 2.71 2.92 

w/w 1.99 2.00 

Ht. of main maximum 1.92 1.63 

Ht. of second maximum 

Ht. of main maximum 12.70 9.26 


Ht. of minimum 
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Again one obtains the frequency spectrum by dividing 
the range of the values of w into equal intervals 


dw= 0.75 X 10" sec, 


and counting the number of frequencies in each interval. 
Three histograms each shifted 0.25 X 10" sec! from the 
other two were plotted and smoothed out. The spectrum 
is shown in Fig. 2. The characteristics of the spectrum 
are given in Table III together with that of Fig. 1 for 
comparison. 


III. VIBRATIONAL SPECTRUM OF SILICON 
The elastic constants of silicon measured by Mc- 
Skimin’ and his collaborators are 
Cu=1.6740X 10”, 
Cy2= 0.6523 X 10”, 
‘44= 0.7957 X 10” dynes/cm’, 








1w 
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Fic. 3. Frequency spectrum of Si (first-neighbor forces only). 


- Bond, Buehler, and Teal, Phys. Rev. 83, 1080 
1951). 




















with density The ch 
p= 2.331 g/cc. With 
vs , tion, th 
The mass of the silicon atom is in Fig 
m= 0.4658 X 10 g, in Tabl 
and the lattice constant calculated from m and p is ihe: 
2a= 5.427X 10-8 cm. 
The left side of Eq. (2) now gives 1.087. The first ap- 
proximation is therefore not expected to be so good as Wher 
in the case of germanium. known, 
TABLE IV. Frequencies of vibration of Si under the TAB! 
action of first-neighbor forces only. 
(units of w; are 1013 sec!) 
Pr py pz 1 w w3 w4 ws we pz by 
8 4 0 11.442 11.442 8.754 8.754 4.728 4.728 8 4 
$8 2 2 11.584 11.378 9.117 8.376 4.880 4.368 S 2 
3 2 80 Ha@ 11402 8.754 8.754 4.728 4.728 & 2 
8 O O 11.442 11.442 8.754 8.754 4.728 4.728 8 0 
1 & 4 57s esse 9.331 8.136 4.748 4.392 . 3 
7 1 #1 = 11.520 11.460 9.506 7.931 4.680 4.536 a 
6 6 O 58 tse 9.117 8.376 4.880 4.368 6 6 
6 4 2 11.751 11.605 9.558 7.869 4.314 3.897 6 4 
6 4 O 11.672 11.447 9.000 7.817 4.716 4.127 6 4 
6 2 2 11.695 11.594 9.838 7.516 4.343 4.062 6 2 
6 2 O 11.651 11.558 10.078 7.191 4.437 4.186 S 2 
6 0 O 11.608 11.608 10.294 6.878 4.306 4.306 6 0 
S 3 2 7s 11358 9.627 7.784 4.541 3.887 > § 
> 3 3) tia tay 9.746 7.635 3.692 3.562 5 3 
5 3 2 2 2672 M2 6882 4178 3622 > o 
5 1 14 21.785 11.777 10.758 64127 3818 3.79 __ 
4 4 4 11.921 11.921 9.623 7.789 3.343 3.343 4 4 
4 4 2 4921 121808 10054 7.225 3.721 334 4 4 
4 4 0 11.921 11.657 10.428 6.674 4.171 3.343 4 4 
4 2 2° 21961. 11981 10.730 G25 3211 3.1% 4 2 
4 2 @ 2006 11.874 11395 S453 3506 322 : 2 
4 0 O 11.960 11.960 11.438 4.738 3.198 3.198 4 0 
3 3 3 11.994 11.994 10.463 6.619 3.070 3.070 - & 
3 3 1 12.086 11.948 11.084 5.516 3.244 2.684 . 3 
S 2 4 W242 12065 1150 398 Wali 2356 . 1 
2 2 2 42,362 12.162 11489 4643 2317 22317 : 2 
2 2 © @Z208 12457 11025 3667 2364 150 x 2 
2 0 O 12.265 12.265 12.143 2.415 1.688 1.688 2 0 
L 2 9 2386 12893 12445 22405 , 2 


1.238 1.238 








A. First Approximation 


For the first approximation, the average values of a 

and of 6 obtained from the Eqs. (1) are 

a=8.925X10', B=6.322X10' dynes/cm. 
The characteristic frequencies obtained with this set of 
values are given in Table IV. 

With the same method used as in the germanium 
case, with 1.510" sec! as the interval for the con- 
struction of the histograms, the frequency spectrum 
was constructed as shown in Fig. 3. The characteristics 
of the spectrum are given in Table VI. 


B. Second Approximation 
In this case the three force constants are 
a= 15.353 101, 


B= 11.013 104, 
w= —0.784X 104 dynes/cm. 


where , 
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VIBRATIONAL SPECTRUM 
The characteristic frequencies are given in Table V. 

With the same procedure as in the first approxima- 
tion, the frequency spectrum was constructed as shown 
in Fig. 4. The characteristics of the spectrum are given 
in Table VI together with that of the first-approxima- 
tion spectrum. 


IV. SPECIFIC HEATS OF GERMANIUM 
AND SILICON 


When the frequency distribution \V(v)(w=27v) is 
known, the specific heat per mole of the crystal can be 


TABLE V. Frequencies of vibration of Si under the action 
of first- and central second-neighbor forces. 








(units of w; are 10" sec) 
w1 w2 ws w4 


14.479 14.479 10.567 10.567 
14.845 14.296 11.033 9.942 
14.538 14.538 10.407 10.407 
14.593 14.593 10.243 10.243 
14.792) 14.424 11.359 9.624 
14.727 14.563 11.456 9.156 
14.845 14.296 11.033 9.942 
15.084 14.738 11.566 9.068 
15.256 13.999 11.951 9.177 
15.035 14.741 12.037 8.647 
14.929 14.724 12.387 8.208 
14.874 14.874 12.622 7.643 
15.146 14.549 11.777 9.098 
15.323 15.208 11.802 8.640 
15.281 14.891 12.674 7.882 
15.183 15.135 13.425 6.740 
15.438 15.438 11.558 8.733 
15.438 15.185 12.283 8.110 
15.438 14.820 12.990 7.596 
15.474 15.462 13.407 6.674 
15.574 15.292 14.036 5.942 
15.487 15.487 14.547 5.016 
15.563 15.563 12.878 7.204 
15.726 15.433 13.963 5.964 
15.801 15.759 14.921 4.382 
15.854 15.854 14.621 4.794 
16.008 15.809 15.251 3.809 
16.029 16.029 15.802 2.469 
16.129 16.129 15.818 2.367 
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calculated from the equations 
c= f kN (v)E(hv/kT)dv, f N(v)dv=3N, (3) 
0 0 


where NV is Avogadro’s number and E(x)=3Rz2’e7/ 
(e’"—1)? is the Einstein function, which has been 
tabulated. Both integrals in Eqs. (3) are calculated 
numerically by the trapezoidal method. The results are 
given in Tables VII and VIII. 

The values of the Debye characteristic temperature 
at different temperatures derived by Debye’s theory 
from the calculated specific heat are also given in 
Table VII and Table VIII. The specific heat curves are 
plotted in Figs. 5 and 6. The circles in Fig. 5 are the ex- 
perimental data of Hill and Parkinson’ and the tri- 

*‘Landolt-Bornstein, Phys.-Chem. Table (Julius Springer, Ber- 


lin, 1927), fifth edition, first supplement, p. 702. 
"R. W. Hill and D. H. Parkinson, Phil. Mag. 43, 309 (1952). 
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Fic. 4. Frequency spectrum of Si (first- and central 
second-neighbor forces). 








angles are those measured by Estermann and Weert- 
man.® The circles in Fig. 6 are the experimental data 
of Pearlman and Keesom.’ 


V. DISCUSSION 


The frequency spectra were obtained by a smoothing 
of the hundred and seventy-four discrete characteristic 
frequencies. When different frequency intervals are used 
in construction of the histograms, different frequency 
spectra will necessarily result. Although all‘ of them 
must have the same form, some differences will occur 
and will lead to somewhat different values of the 
specific heats. One way of getting a more accurate fre- 
quency spectrum would be to calculate the character- 
istic frequencies in more directions than the twenty- 


TABLE VI. Characteristics of the frequency spectra in 
Fig. 3 and Fig. 4. 








Fig. 3 
11.7X 10" sec™ 
4.2X 108 sec™! 
6.3X 10" sec™ 
2.79 
1.86 


Fig. 4 
15.1 10" sec 
4.0X 10" sec 
6.3X 10% sec! 
3.78 
2.40 





Freq. of main maximum @ 
Freq. of second maximum w» 
Freq. of minimum w3 

w/w 

w1/ws 


Ht. of main maximum 


Ht. of second maximum 1.64 


1.33 





Ht. of main maximum 
Ht. of minimum 





8.91 13.53 








8]. Estermann and J. R. Weertman, J. Chem. Phys. 20, 972 
(1952). 
9 N. Pearlman and P. H. Keesom, Phys. Rev. 88, 398 (1952). 
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Fic. 6. Specific heat of Si. 


nine used in the calculation. But such a procedure would 
greatly increase the labor by necessitating numerical 
solution of sixth-order algebraic equations. In the 
numerical integration for the specific heat, if the whole 
frequency spectrum is effective, i.e., at higher tem- 
peratures, the error introduced by using the continuous 
spectrum should be small; at low temperatures where 
only a small portion of the frequency spectrum is 
effective, the results calculated from the continuous 
spectrum must necessarily become inaccurate. On the 
other hand, if the hundred seventy-four discrete fre- 
quencies, each with the same statistical weight, are 
used to calculate the specific heat, the results at low 
temperatures might be more reasonable than those ob- 
tained from the continuous spectrum. The specific heats 
and the corresponding Debye characteristic tempera- 
tures calculated from the discrete spectra are given 
in Tables IX and X. 

The calculation shows now that in the case of both 
Ge and Si, the first approximation and the second 
approximation give practically the same results at low 
temperatures. The Debye characteristic temperature Op 
for Ge and for Si at 0°K—-calculated from the elastic 
constants given above, by the modified Hopf and 
Lechner method’—are 375°K for Ge and 669°K for 
Si. The value for Si, calculated by Pearlman and 
Keesom,® using estimated elastic constants at 0°K is 
653°K. Plots of @/@po against T/@o for both Ge and Si 
are shown in Fig. 7, together with the experimental data 


10N. Pearlman, “Low Temperature Atomic Heat of Silicon, 
Germanium and Silver,” Ph. D. thesis, Purdue University (1952). 
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of Pearlman and Keesom on Si and Hill and Parkinson 
on Ge. The two curves are very close to each other and 
so are the two sets of experimental data. As mentioned 
before, the theoretical curves have been calculated 
from the discrete frequency spectra. They indicate the 
existence of a minimum of the Debye characteristic 
temperature in each case, as found experimentally, but 
deviate quantitatively from the data by about 10 
percent. On the other hand, calculations based on the 
continuous spectra at low temperatures fail to show the 
minima. 

In Eqs. (1) there are five force constants related to 
the three elastic constants Cy, Cy, and C44. In the 
present calculation, as well as in the calculation on 
diamond by Smith, only two approximations have been 
considered. The first approximation leads to Eq. (2), 
whereas the second approximation gives three equations 
to determine the three force constants a, 8, and uw. How- 
ever, in Smith’s calculation another relationship was 
used, namely, the equation for the frequency-shift of 
the first-order Raman line. In fact, that is the condi- 
tion used by Smith to determine the value of a. The 
value » was then determined from the first equation of 
Eqs. (1). It turned out to be positive. Smith adjusted 
the elastic constant C44 to 5.0X 10 dynes/cm?, although 
the experimental value was 4.310". The difference 
between them amounts to 14 percent. If one does not 
use the Raman shift equation, the three force constants 
calculated from the adjusted elastic constants would be 


a=0.203X 10, 
8=0.137X 105, 
u=—0.0169X 10° dynes/cm, 


which are altogether different from the set of values 


TABLE VII. Specific heat of Ge. 


























ist approx. 2nd approx. 

F°x. Cr cal/mole/°C O°K Cy cal/mole/°C @°K 
10 0.027 258 0.027 257 
20 0.17 280 0.18 274 
30 0.45 299 0.47 296 
40 0.81 322 0.82 320 
50 1.18 344 1.18 345 
75 2.05 391 2.00 397 

100 2.81 421 2.74 430 

150 3.98 445 3.87 462 

TABLE VIII. Specific heat of Si. 
ist approx. 2nd approx. 

7%. Cy» cal/mole/°C @°K Cp» cal/mole/°C @°K 
20 0.042 448 0.042 446 
30 0.12 472 0.12 472 
40 0.25 491 0.25 493 
50 0.43 510 0.41 516 
75 0.95 567 0.89 582 

100 1.47 623 132 654 

150 2.42 704 2.04 784 

200 3.23 748 2.68 873 
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VIBRATIONAL SPECTRUM 


0.157 X 10°, 0.104 10°, and 0.0226 10° used in Smith’s 
calculation. The value of uw even has a different sign. 
It seems that a check on the force constants used by 
Smith still depends upon more accurate experimental 
data on the elastic constants of diamond. 

In the present calculation, no Raman shifts are 
available and Eqs. (1) are the only relationships for the 
determination of the force constants. The experimental 
error of the elastic constants is less than 1 percent. 
Under the assumptions used in the theory, the force 
constants calculated should also be accurate to 1 per- 
cent. In both cases the value of u is negative. 

The main difference between the frequency spectrum 
obtained from the first approximation and that from the 


second approximation is the upper limit of the fre- 


quency. Since Ge satisfies Eq. (2) more closely than Si, 
the difference between the frequency limits in the two 
approximations is smaller in the Ge case than in the Si 
case. In the case of diamond, the first-order Raman 
shift determines the upper limit, but no such informa- 
tion can be used for Ge and Si. Although there are large 
differences in the frequency limits between the two 
approximations, the specific heat curves deduced from 
them are still close together. However, the second ap- 
proximation curves agree less satisfactorily with the 
experiments than the first approximation curves. In 
view of the accuracy of the experimental elastic con- 
stants, the discrepancies between the theoretical and 
experimental specific heats may mean that the second- 
neighbor forces are not central or that more distant 
neighbors also exert appreciable forces, as suggested 


TABLE IX. Specific heat of Ge calculated from discrete spectrum. 








ist approx. 
T°K Cy cal/mole/°C @°K 


2nd approx. 
Cy cal/mole/°C @°K 


10 0.012 335 i 335 
15 0.057 314 .05 312 
20 0.14 299 i 298 
30 0.41 311 y 311 
40 0.75 332 é 332 
50 1.10 355 : 357 











TABLE X. Specific heat of Si calculated from discrete spectrum. 








2nd approx. 
Cy cal/mole/°C 


0.022 0.022 
0.089 0.089 
0.21 0.21 
0.37 0.37 
0.86 0.85 
1.35 1.28 


ist approx. 
Cy cal/mole/°C 
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by Born." The consideration of more distant neighbors 
would introduce more force constants, which would 
make the calculation practically impossible. Acceptance 
of noncentral second-neighbor forces would necessitate 
other assumptions about the force constants A, wu, and r 
in order that they might be determined together with 
a and 8 from the three elastic constants: 

Another question is whether the use of the elastic 
constants at 0°K would improve the agreement between 
the theory and the experiment. The elastic constants 
of Si at 0°K estimated by Pearlman and Keesom’ are 
Ciu= 1.689X 10”, C2= 0.6532 10”, Cy4= 0.8005 X 10”. 
They show less than 1 percent difference from the 
values used in the present calculation. Within the 
accuracy of the present method, it seems unlikely that 
a 1-percent change of the elastic constants would give 
a much closer agreement between the theory and the 
experiment. 

A recent experiment on diamond” shows that besides 
a flat minimum, there exists a sharp maximum at 60°K 
in the Debye characteristic temperature against tem- 
perature curve. In both the Ge and Si cases, experiments 
show only the minimum. More experimental data are 
needed to show whether there also exists a maximum 
at still lower temperatures. The accuracy of the present 
calculation, as well as that of Smith, could not give any 
reliable information at such temperatures. 

The author wishes to express his thanks to Dr. K. 
Lark-Horovitz for his encouragement in this work. 
Thanks are also due Dr. P. H. Keesom and Dr. N. 
Pearlman for their valuable discussions, for communica- 
ting their experimental results on Si before publication, 
and for their unpublished results on Ge. 


11M. Born, Nature 157, 582 (1946). 
” Warren DeSorbo, J. Chem. Phys. 21, 876 (1953). 
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Measurements have been made on the rate of self-diffusion in single crystals of zinc along the directions 
both parallel and perpendicular to the C axis. The effects of compression by an applied force and hydrostatic 
pressure up to 10000 atmospheres on the rate of diffusion were studied. The self-diffusion coefficients of 
polycrystalline zinc were also measured under both atmospheric pressure and compression. 

The rate of self-diffusion in single crystals of zinc was found always to be larger in the direction parallel to 
the C axis, while the enthalpy of activation was found always to be smaller in this direction. Both compression 
and hydrostatic pressure tend to reduce the rate of self-diffusion, the greater effect being observed in the 
direction parallel to the C axis. Compression perpendicular to the direction of diffusion gave essentially the 
same effect as compression in the direction of diffusion. The enthalpy of activation was found to be increased 
30 percent by the application of a pressure of 8000 atmospheres and to be decreased slightly by compression. 
The anisotropy in the rate of diffusion was found to decrease with increased hydrostatic pressure. The self- 
diffusion coefficients of polycrystalline zinc were found to be intermediate between the values observed in the 
two directions (parallel and perpendicular to the C axis) in single crystals and to be closer in magnitude to the 
values observed in the direction perpendicular to the C axis. 





N order to understand the effect of molecular 
arrangement on diffusion, measurements have been 
made of the self-diffusion coefficient in single crystals of 
zinc parallel and perpendicular to the C axis. The 
effects of compression along one axis and of hydrostatic 
pressure to 10 000 atmospheres on the rate of diffusion 
have been studied. Self-diffusion coefficients for poly- 
crystalline zinc were also measured under atmospheric 
pressure and uniaxial compression. 
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Fic. 1. Plot of x2/T versus In (counts/minute). 


* This work was supported in part by the U. S. Atomic Energy 
Commission. 
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EXPERIMENTAL PROCEDURE 
A. Growth, Preparation, and Analysis of Crystals 


The single crystals were grown from 99.99-percent Zn 
in a Bridgman-type furnace. The orientation was deter- 
mined by the method described by Gwathmey.! The 
crystals were cooled to liquid-air temperature and 
cleaved along the basal plane. For diffusion perpen- 
dicular to the C axis, the pieces were sawed with a 
jeweler’s saw and polished with 0000 emery paper. In 
all cases the faces used for diffusion were carefully 
electropolished. Any strains due to cleaving or cutting 
were very evident after the electropolishing. All 
strained crystals were discarded. The Zn® was obtained 
from the Oak Ridge National Laboratory as ZnCl, in 
acid solution. All surfaces of the crystal, except that 
used for diffusion were coated with polyvinyl plastic. 
The Zn® was plated on this face from a 0.1.V solution to 
a thickness not exceeding 0.0008 inch. 

After the diffusion the crystals were gripped in a 
special chuck modified for each crystal and sanded 
perpendicular to the direction of diffusion on 0000 
emery paper. The sandings were collected on a circle 
2 cm in diameter on the paper. The crystal was microm- 
etered to 0.0001 inch after each slice. The average 
slice thickness was 0.001 inch and was kept within 20 
percent for all slices. The papers were counted with 
carefully reproducible geometry using a Geiger-Muller 
tube and a Nuclear Instrument Company Model-161 
scalar. The results were reduced to a common thickness. 

The equation for diffusion from an instantaneous 
source is 


Dt 
C=Q(rDt)-? exo(-—), (1) 


1A. T. Gwathmey and A. F. Benton, J. Phys. Chem. 44, 35 
(1940). 
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EFFECT OF PRESSURE ON DIFFUSION 


so a plot of InC vs t/x gives a slope of — D/4. Figure 1 
shows a typical plot for a good run. 


B. Diffusion Apparatus 


The atmospheric pressure diffusion measurements 


. were made in a ceramic furnace, the crystals being 


immersed in silicone grease. 

Compression was applied to the crystals in the 
apparatus shown in Fig. 2. Weights were added to the 
pan to give the compressive load desired. The crystals 
were protected by silicone grease. Runs were discarded 
if any sign of permanent deformation could be observed 
or measured. This condition set the upper temperature 
limit for these runs. Diffusion measurements were made 
(on different crystals) both in the direction of and 
perpendicular to the applied force. 

The apparatus for obtaining hydrostatic pressure has 
been described previously.” The pressures could either 
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Fic. 2. Apparatus for measurement of diffusion in single crystals 
with applied force. 




















be measured directly by a manganin gauge or by cali- 
bration of the low-pressure end of the intensifier against 
the manganin gauge. The accuracy of measurement was 
better than 1 percent, but on the long high-pressure 
runs (above 8000 atmos) fluctuations of up to 150 
atmospheres occurred as a result of the effect of room 
temperature on the expansion of the low-pressure oil. 
The bomb for diffusion was held in a heated bath at 
about 120°. The interior of the bomb is shown in Fig. 3. 
There were two electrical windings and two thermo- 
couples. With this arrangement the temperature could 
be held uniform to +3°C over a range of 13 cm at the 
middle of the bomb. The crystals were kept in this area, 
sitting on a steel plug. The thermocouples had some 
error due to the electrical seals. They were calibrated 
against a traversing couple at atmospheric pressure. 
This gave somewhat irregular results at the highest 
temperatures due to incipient boiling of the liquid on the 


fies, C. Koeller and H. G. Drickamer, J. Chem. Phys. 21, 267 
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Fic. 3. Arrangement inside bomb for high-pressure 
diffusion measurements. 


coil. The absolute temperature was established from the 
307°C isotherm runs which were made down to 20 
atmospheres and the results (both parallel and per- 
pendicular to the C axis) extrapolated to atmospheric 
pressure. Both smooth curves gave a temperature of 
exactly 307°, so this was taken as a fixed point in the 
calibration. In the actual high-pressure runs Dow Cor- 
ning DC200 silicone fluid (2 centipoise viscosity grade)T 
was used in the bomb. The technique qualitatively 
resembled that described by Nachtrieb, ef al.’ 

For pressures below 2000 atmospheres a handpump 
and Bourdon Gauge calibrated against a dead weight 
gauge were employed. 


Theory 


On rather general grounds*~ one can write the equa- 
tion for D in the form 


vd? 
D= 7a exp(AS/R) exp(—AH/RT) 


(2) 
vd? 


o's exp(—AF/RT), 


t This fluid was recommended to us for high-temperature high- 
pressure work by A. W. Lawson of the University of Chicago. 

3 Nachtrieb, Weil, Catalano, and Lawson, J. Chem. Phys. 20, 
1189 (1952). 

*C. A. Wert, J. Appl. Phys. 21, 1196 (1950). 

5 C. A. Wert and C. Zener, Phys. Rev. 76, 1169 (1949). 

°C. Zener, J. Appl. Phys. 22, 372 (1951). 
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Fic. 4. Self-diffusion in single crystals of zinc 
without applied force. 


where v=a characteristic frequency, d;=distance be- 
tween equilibrium sites, AF, AS, AH=free energy, 
entropy, and enthalpy of activation. 

An additional quantity, the activation volume can be 
defined by the equation 


avi-—) 
Op T 


dInD dlnv @lnd? 
AVi= -Ri| — — | ‘ (5) 
Op Op Op Ir 





For an anisotropic crystal it is convenient to define 
an activation length in terms of the activation volume 


Alt= (AV#/No)!. (6) 


Although a quantitative interpretation of this quan- 
tity is not possible, it is useful in discussing the effect 
of hydrostatic pressure. 


TABLE I. Self-diffusion in single crysta] of zinc under 
atmospheric pressure in the direction parallel to the C axis. 








D 
10-5 cm?2/day 


1.29 
1.51 
1.92 
1.52 
1.66 
12.8 
11.7 
12.0 
73.3 
68.1 
69.3 





TABLE II. Self-diffusion in single crystal of zinc under 
atmospheric pressure in the direction perpendicular to the C axis, 








D 
10-5 cm?2/day 


0.38 
0.50 
1.53 
1.59 
4.57 
4.80 
5.59 
7.71 
7.94 


1 
50. 
2. 











Results 


The self-diffusion coefficients of zinc obtained ex- 
perimentally are tabulated in Tables I through X. 
Graphs of these results can be found in Figs. 4 through 
11. 

The self-diffusion coefficient of single crystals of zinc 
was measured in the direction both parallel and per- 
pendicular to the C axis under the following conditions: 

(1) Atmospheric pressure over a temperature range of 
253-393°C.—The data (Tables I and II, Fig. 4) can be 
represented by the following equations: 


D,,= 1840 exp(— 19 600/RT) cm*/day ; (7) 
D,=1.38X 10° exp(— 25 900/RT) cm?/day. (8) 


The uncertainty of the activation enthalpies is estimated 
to be +500 calories per gram atom for both directions. 

(2) Diffusion under compression with the direction of 
diffusion parallel to the direction of the force applied.— 
Runs with a stress of approximately 500 psi were carried 
out over the temperature range 243-332°C, and runs 
with a stress of about 950 psi were made between 225 
and 253°C. (Higher temperatures were used but the 


TABLE IIT. Self-diffusion in single crystal of zinc under com- 
pression with both diffusion and compression in the direction 
parallel to the C axis. 








D Stress 
10-5 cm?/day psi 


0.70 475 
1.06 475 
1.29 475 
3.06 475 
3.26 475 
6.10 475 
5.61 475 
6.39 475 





0.238 920 
0.290 920 
0.468 920 
0.701 920 
0.685 920 
0.581 920 
0.614 920 
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EFFECT OF PRESSURE ON 


TABLE IV. Self-diffusion in single crystal of zinc under com- 
pression with diffusion in the direction perpendicular to the C axis 
and compression in the direction of diffusion. 








D 
10-5 cm?/day 





0.405 








samples were deformed permanently.) The results, 
given by Tables IIT and IV and Fig. 5, fit the equations: 


for 475 psi, 
D,,= 184 exp(—17 700/RT) cm?*/day; (9) 
for 515 psi, 


D,=3.92X 10' exp(— 24 600/RT) cm?/day; (10) 


« 


for 920 psi, 


D,,= 21.2 exp(— 15 800/RT) cm?/day. (11) 


The uncertainty of the enthalpy of activations is esti- 
mated to be +500, 800, and 1500 calories per gram 
atom for the above three equations, respectively. 

(3) Diffusion under applied force, with the direction of 
diffusion perpendicular to the direction of the force 
applied.—The force applied was in the neighborhood 
of 500 psi, and the temperature range was 250-335°C. 
The results are listed in Tables V and VI. The diffusion 
coefficients were corrected to a stress of 475 and 515 psi 
for the direction (of diffusion) parallel and perpen- 
dicular to the C axis, respectively. The data are com- 
pared with the results obtained with the direction of 
diffusion parallel to the direction of the applied force in 
Fig. 6. One can see that Eqs. (9) and (10) also fit these 
data. 

(4) Diffusion under hydrostatic pressure ——Two series 
of experiments. were done, viz., a 307°C isotherm and an 
8000 atmosphere isobar. The results are shown in 
Tables VII and VIII, and Figs. 7 and 8. The data for 


TaBLeE V. Self-diffusion in single crystal of zinc under com- 
pression with diffusion in the direction parallel to the C axis and 
compression perpendicular to the C axis. 


— 








D475 psi 
10-5 cm?/day 
0.970 
0.938 


D Stress 
fi * 10-5 cm?/day psi 
257.5 0.732 702 
258 0.865 539 
265 0.858 475 0.858 
291 2.39 490 2.60 
293 2.55 639 2.57 
320 6.85 450 6.65 
326 7.70 416 6.98 
344 13.3 365 10.4 
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in the direction of diffusion. 


the isobar can be represented by the following equa- 
tions: 
D,,=4.8X 104 exp(— 25 000/RT) cm*/day, 


D,=1.8X 10" exp(—32 000/PT) cm?/day. 


(12) 
(13) 


The uncertainty of activation enthalpy in Eq. (12) is 
+1500-cal/g atom and in Eq. (13) is +800-cal/g atom. 
The self-diffusion coefficients of polycrystalline zinc 
with an average grain size of 0.05 mm were measured 
under atmospheric pressure from 250 to 375°C and 
under an applied stress of 470 psi over the temperature 
range of 250-330°C. The results are shown in Tables 
IX, X, and Fig. 9 and fit the following equations: 
for atmospheric pressure, 
D=3.6X 104 exp(— 23 800/RT) cm*/day; (14) 
under applied force, 


D=2.9X 104 exp(— 23 000/RT) cm?/day; (15) 


the uncertainty in AH is 500-cal/g-atom in each case. 
TABLE VI. Self-diffusion in single crystal of zinc under com- 


pression with diffusion in the direction perpendicular to the C axis 
and compression parallel to the C axis. 








D515 psi 
10-5 cm?/day 


0.379 
0.240 


D Stress 
10-5 cm?/day psi 


0.382 528 
0.242 418 
0.287 467 0.287 
0.844 486 0.841 
1.07 505 1.07 
2.96 373 2.76 
3.82 398 3.57 
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Fic, 6. Self-diffusion in single crystals of zinc with applied force 
perpendicular to the direction of diffusion. 


The enthalpy of activation and D,’s for all the isobars 
measured are summarized in Table XI, which also 
includes all the entropies, free energies, and volumes of 
activation at 307°C. The enthalpy of activation and Dy 
for each isobar were obtained from the empirical 
equation D= Dy) exp(—H/PT) which fits the experi- 
mental data. The entropy and free energy at 307°C for 
each condition were calculated from Eqs. (2) and (3). 
The activation volumes were obtained by using Eq. (5). 
Besides those quantities, the activation lengths de- 
fined by Eq. (6) are also listed in Table XI. 

The data required for the calculations, besides the 
experimental figures, include the lattice constants, 
coefficients of linear thermal expansion, linear com- 
pressibilities, elastic constants, thermal vibration 


TABLE VII. Self-diffusion in single crystal of zinc under 
hydrostatic pressure at 307°C. 
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Dy Dy 
atmospheres 10-5 cm?/day 

1 7.20 2.25 

700 541 1.97 
5.68 2.20 

2000 4.16 2.14 
4.23 1.90 

5000 2.57 1.68 

2.64 

8000 1.90 1.60 
1.80 1.40 

10 000 1.66 1.32 
1.24 











frequency, and the relationship between melting point 
and pressure for single crystals of zinc. The lattice 
constants at 25°C and the thermal vibration frequency 
were taken from Metal Reference Book.’ At higher 
temperatures, the coefficients of linear expansion given 
by Birch* were used to calculate the lattice constants, 
The linear compressibilities at 307°C, required for the 
calculation of lattice constants under hydrostatic 
pressure were obtained from Bridgman’s® data at 30 
and 75°C. assuming the constants vary linearly with 
temperature. The data of Wert and Tyndall” on elastic 
constants were used for calculating the lattice constants 
under applied force. The vibration frequencies under 
pressures were calculated using Lindemann’s relation: 


v=vy(Tm/Tm)*(V1/V)}, (16) 


where the subscript 1 refers to the values under atmos- 
pheric pressure and 7m is the melting point. The melt- 
ing point was assumed to vary linearly with pressure 
according to the value of AP/AT given by Birch.® 


TABLE VIII. Self-diffusion in single crystal of zinc under 
8000 atmospheres. 











Dy Dy 
Pfs, 10-5 cm?/day 

274 0.520 0.204 
0.585 0.234 
287 0.458 
0.439 
0.470 

307 1.90 1.40 

1.80 1.60 

327 4.52 BR be 

4.40 3.83 








The interpretation of AS and AF as directional 
quantities is somewhat anomalous. Therefore, these 
quantities are merely tabulated, and our discussion of 
results is mainly concerned with AH and AV}. 


DIFFUSION UNDER ATMOSPHERIC PRESSURE 


The results are shown in Fig. 4. Also shown in Fig. 4 
are the results of Miller and Banks.":” The agreement 
in the direction parallel to the C axis is very good, but 
in the direction perpendicular to the C axis, their 
values do not agree with our results too well. In fact, 
these authors did not measure D, directly; they ob- 
tained the curve by measuring the rates of diffusion of 


7C. J. Smithel, Metal Reference Book (Butterworth Scientific 
Publications, London, 1949). 

8 F. Birch, “Handbook of physical constants,” Geol. Soc. Am. 
Special Paper No. 36, 1942. 

9P. W. Bridgman, Proc. Am. Acad. Arts Sci. 60, 305 (1923). 

0 C, A. Wert and E. P. T. Tyndall, J. Appl. Phys. 20, 58/ 
(1949). 

11 F, R. Banks, Phys. Rev. 59, 3761 (1941). 
2 P. H. Miller and F. R. Banks, Phys. Rev. 61, 648 (1942). 
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several variously oriented crystals and calculating the 
values of D,. Most of their samples used for this cal- 
culation had the value §<45°, and the temperature 
range of their measurement was only 67°C. Besides, the 
consistency of their data was poor. Therfore, the lack of 
agreement is not surprising. 

The diffusion in the direction perpendicular to the 
C axis has a larger value of Do(1.38X 10° cm?/day as 
compared to 1840 cm?/day for the direction parallel to 
the C axis) and also a higher enthalpy of activation 
(25 900 cal/g-atom as compared to 19 600 cal/g-atom 
for the parallel direction). 

An attempt was made to calculate the activation 
entropies from Eq. (11) using the elastic constants 
given by Wert and Tyndall.” Unfortunately, the 
uncertainty of extrapolating their data to 0°K is too 


TABLE IX. Self-diffusion in polycrystalline zinc (average 
grain size 0.2 mm) under atmospheric pressure. 











D 
Y fies, 10-5 cm?/day 

243 0.286 
243 0.312 
291 2.29 
291 2.34 
325 6.6 
325 7.0 
365.5 23.6 
365.5 24.1 








TABLE X. Self-diffusion in polycrystalline zinc (average 
grain size 0.2 mm) under a compressive stress of 470 psi. 











D 
bic Be 10-5 cm?/day 
238 0.18 
239 0.20 
295 1.86 
298 2.02 
306 2.72 
308 2.98 
329 5.81 








large (ten-fold) to give any significance, although the 
experimental results, which are consistent with the 
assumption of vacancy mechanism, do fall in the middle 
of the possible range while the ring mechanism fails. 
The ratios between AS, and AS,, calculated on the 


» vacancy mechanism using the extreme values are in 


good agreement with the observed value. 


THE EFFECT OF COMPRESSION ON DIFFUSION 


The diffusion coefficients are found to decrease with 
applied force (Fig. 5) in the directions both parallel and 
perpendicular to the C axis, when the direction of the 
force is parallel to the direction of diffusion. In Fig. 6, 
the points represent the diffusion coefficients with an 
applied force perpendicular to the direction of diffusion. 


Comparing these points with the curves giving the 
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Fic. 7. Self-diffusion in zinc under 8000 atmospheres pressure. 


diffusion coefficients with the applied force parallel to 
the direction of diffusion, one can readily see that the 
direction of compression with respect to the direction 
of diffusion has little, if any, effect on the rate of 
diffusion. Figure 5 also shows the effect of compression 
on diffusion to be larger in the direction parallel to the 
C axis; this is reasonable as the Young’s modulus along 
this direction is only about one-fourth of that along the 
perpendicular direction. Hence, one may expect a 
larger change of lattice structure in the direction parallel 
to the C axis with the same applied force. 

The enthalpy of activation in the direction parallel 
to the C axis decreases from 19 600 to 17 700 cal/g-atom, 
with an applied stress of approximately 500 psi. The 
strain introduced by the applied force tends to ease the 
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Fic. 8. The effect of pressure on self-diffusion in single 
crystals of zinc at 307°C. 
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effect was found by Radavich and Smoluchowski'* on 
Al-Cu alloy and by Nachtrieb, ef al.,> on sodium. 
Figure 8 also shows that pressure has a larger effect on 
the diffusion parallel to the C axis. This is reasonable as 
the linear compressibility is larger in this direction and, 
consequently, pressure would cause a larger change in 
the lattice structure in the direction parallel to the C 
axis. A plot of D/Datm at 307°C versus the percentage 
reduction in lattice constant due to the application of 
pressure is shown in Fig. 9. This indicates that for the 
same percentage reduction in linear dimension, per- 
pendicular to the C axis, where the interatomic distance 
is smaller, the change of the rate of diffusion is greater 
percentagewise. 





1079 4, 





! ] ! 





0.1 | | 
° 


Os 


%eo RED 


1.0 
UCTION IN LATTICE CONSTANT 





1.5 





Fic. 9. Dp/Dy; atm versus percent. Reduction in linear 
dimension at 307°C. 


formation of vacancies and consequently decreases the 
enthalpy of activation. The change of cohesive force 
between the atoms due to applied force is apparently 
small, for otherwise the direction of the applied force 
should have a notable effect on the rate of diffusion. 

The negative activation entropy obtained for diffu- 
sion in the direction parallel to the C axis is inconsistent 
with the theory of Zener.® Because of the difficulties 
involved in the interpretation of the entropy of activa- 
tion in anisotropic solids, no discussion will be presented 
at this time. 


THE EFFECT OF PRESSURE ON DIFFUSION 


The experimental results (Figs. 7, 8) show a de- 
crease of the rate of diffusion with pressure. A similar 
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Fic. 11. Self-diffusion in polycrystalline zinc. 


Under 8000 atmospheres it is found from Fig. 7 that 
AH ,= 32 000 cal/g-atom and AH/,,= 25 000 cal/g-atom. 
This indicates a 30-percent increase in the enthalpy of 
activation over the atmospheric-pressure value both 
parallel and perpendicular to the C axis. This increase 
is expected, as under pressure the enthalpy associated 
with the formation of vacancies must be increased. 
Possibly there is also a change in the cohesive energy. 
Since the change in the interatomic distance is small 
(Table XII), it is probable that the increase in the 
enthalpy associated with the formation of the vacancies 
predominates the increase in the enthalpy of activation 
with pressure. 

The entropies of activation at 307°C under a pressure 
of 8000 atmospheres were found to be 8.30 and 20.1 
cal/°K X g-atom for the directions parallel and perpen- 


13, J. Radavich and R. Smoluchowski, Phys. Rev. 65, 62 
(1944). 
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EFFECT OF 


PRESSURE ON DIFFUSION ANISOTROPY 


IN ZINC 319 


TABLE XI. Summary of quantities. 








Description cm?/day cm?/sec 


AF307°C 
cal/g-atom 


AS307°C 
cal/°K-g-atom 


AV 307°C 


cal/g-atom cc/g-atom 





Single crystal, diffusion parallel to the C axis 
Atmospheric pressure 1860 

475 psi stress 184 

920 psi stress 21.2 

8000 atmospheres 4.8 104 


Single crystal, diffusion perpendicular to the C axis 
Atmospheric pressure 1.38X 105 


515 psi stress 3.92 X 10# 
8000 atmospheres 1.8X 107 


2.15 10 

2.13 10-3 

2.45 X 10 
0.56 


1.60 
0.45 


Polycrystalline zinc 


Atmospheric pressure 
470 psi stress 


3.6X 104 
2.9X 104 


18 500 16.8 


19 200 


19 600 
17 700 
15 800 
25 000 


1.88 
—2.70 


8.30 


4.04 


25 900 
24 600 
32 000 


23 800 
23 000 








dicular to the C axis, respectively. This compares with 
the atmospheric values of 1.88 and 10.5 cal/°KXg- 
atom for the directions parallel and perpendicular to the 
C axis, respectively. 

The effect of pressure on the free energy of activation 
was found to be small, and the values under 8000 
atmospheres at 307°C for the directiqns parallel and 
perpendicular to the C axis are very close (20 200 to 
20 400 cal/g-atom, respectively). 

The activation volume AV? and the activation length, 
together with the interatomic distances of zinc at 307°C 
under different pressures, are tabulated in Table XII. 
It is interesting to note that under atmospheric pressure, 
Al,,+ is of the order of d,, and Al,* is about 70 percent of 
d,, whereas under an applied pressure of 8000 atmos- 
pheres both A/?’s become about 60 percent of the corre- 
sponding interatomic distance. Figure 10 is a plot of logD 
versus logAl* which indicates that the diffusion coefficient 
is proportional to the 2.8th power of the activation length 
regardless of direction in the crystal. The activation 
volume may be considered as the combination of the 
volume change associated with the formation of lattice 
dislocations, AV,t, and the volume associated with the 
movement of the atoms AV ,,?. AV,+ must be positive for 
the vacancy mechanism and negative for an interstitial 
mechanism. In any case AV,,? is always positive. It is 
difficult to decide which one of these volume changes is 
numerically larger except in ionic crystals where 
AV,t>AV,,%. If this is also true for zinc, a positive 
AV? is evidently in favor of the vacancy mechanism. 


DIFFUSION IN POLYCRYSTALLINE ZINC 


Figure 11 shows that experimental results of the self- 
diffusion of polycrystalline zinc both under atmospheric 
pressure and an applied force of 470 psi. Also shown in 
Fig. 11 are the curves for diffusion in single crystals of 


zinc under atmospheric pressure in the directions both 
parallel and perpendicular to the C axis. One can readily 
see that the rate of self-diffusion of polycrystalline zinc 
is intermediate between the rate of the single crystals in 
the directions parallel and perpendicular to the C axis 
and is closer to that in the perpendicular direction. This 
is reasonable as the diffusing atoms might travel through 
many single crystals randomly oriented with the 
chances of diffusing in the directions parallel to the C 
axis being 3 and perpendicular to the C axis 3. 

As in the case of single crystals the rate of self- 
diffusion of polycrystalline zinc is found to decrease 
with applied force. The decrease in the enthalpy of 


TABLE XII. The activation volume, the activation length 
and the interatomic distances of zinc at 307°C. 








Activation 
volume 
cc/g-atom 
|| to 1 to 
C-axis C-axis 


Activation 
length A Interatomic 
|| to ito distances A 


C-aixs C-axis dy dy 


Pressure 
(atmos- 
pheres) 





1 16.87 
700 = 13.20 


4. 3. 2.02 
4. 2. 
2000 9.36 3. 2. 
3. 2. 
2. 1, 
2. i. 


1,96 


2.94 
2.94 
1.87 2.93 
1.80 2.92 
1.70 2.91 
1.61 2.91 


2.67 
2.67 
2.67 
2.67 
2.66 
2.66 


9.61 
9.59 
9.53 
9.49 
9.45 


5000 5.90 
8000 4.04 
10000 3.62 








activation due to compression (800 cal/g-atom) is 
srsaller than the single crystal values (1900 and 1300 
cal/g-atom). This seems reasonable since the existence 
of the grain boundaries increases the strength of the 
crystal and hence reduces the degree of disturbance 
introduced by the applied force. This explains why the 
decrease in entropy of activation is also small (0.43 
cal/°K X g-atom). 

The authors wish to acknowledge the suggestions and 
advice of David Lazarus and L. F. Slifkin of the Univer- 
sity of Illinois, Department of Physics. 
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It is shown how the main features of the spectra of cata-condensed hydrocarbons may be explained on the 
basis of a very simple model. This, so-called perimeter model was used, in its free-electron variant, by Platt 
in order to classify the spectra. In this note, a more quantitative version is formulated which enables calcu- 
lations to be made; it may be considered as an approximation either to an antisymmetrized molecular orbital 


treatment or to the method of atoms in molecules. 





INTRODUCTION 


HE electronic spectra of benzene, of its homologs, 
the polyacenes, and their isomers have been the 
subject of considerable experimental study. And this 
study has been rewarded by the appearance of re- 
markable similarities and regularities in the properties 
of the concomitant band systems. It is the purpose of 
this note to show how the more striking of these generic 
relationships may be understood. 

The so-called cata-condensed hydrocarbons generally 
exhibit three main band systems in the near ultraviolet 
or visible region of the spectrum. The prototypes of all 
these systems are to be found in benzene, which absorbs 
strongly near 1750A, exhibits absorption of moderate 
intensity around 2000A, and shows a weak band system 
in the 2500A region. Clar demonstrated that band sys- 
tems of a similar type also occur for the higher homologs 
of benzene.' He classified these as 8, p, and a systems, 
respectively. This note will be concerned with the 
following aspects of the spectra: 


I. The regular appearance of the three systems 
enumerated by Clar throughout the range from benzene 
to its very complex homologs containing fused rings. 

II. The regular intensity relationships which they 
exhibit; very intense 6 bands, moderately intense 
p bands, and very weak a bands. 

III. The relative insensitivity of the location of the 
a and 6 bands to isomerism, but the characteristic 
movement of the p bands, e.g., on going from anthra- 
cene to phenanthrene. 

IV. The particular intensification of the a bands 
under inductive substitution, such as occurs on guing 
from naphthalene to quinoline. 

V. The relation between the spectra of naphthalene 
and azulene, in which analogous band systems may also 
be identified. 

VI. The characteristic shifts exhibited by the a bands 
of azulene, to the red or to the violet, depending on the 
nature and position of different substituents in the 
aromatic system. Most of these topics have already been 
discussed by various authors, particularly during the 
last decade, and some reference to their work will be 
made later. The empirical characterization of these 


1E. Clar, Aromatische Kohlenwasserstoffe (Julius Springer, 
Berlin), first edition 1941, second edition 1952. 


effects is particularly due to Clar,' and more recently 
to Jones? and to Klevens and Platt.*? But no unified 
theoretical treatment has been put forward, for reasons 
which are not difficult to understand. 

The potentialities of a given theory may be tested 
with reference to the account it gives of the benzene 
spectrum, and it is already here that calculations 
founder. The most appealing theory, on grounds of con- 
ceptual simplicity and predictive immediacy, namely 
the molecular orbital method, has been applied to 
benzene in stages of increasing sophistication. The first 
of these, which is based on purely qualitative considera- 
tions of simple orbital configurations, is undoubtedly 
the most successful. It correctly predicts the number 
and most probably also the symmetries of the low- 
lying singlet levels. However, the various attempts to 
locate these quantitatively, which mark succeeding 
stages, have met with indifferent results. The only 
formalism capable of ready generalization to more com- 
plicated systems without enormous increase in labor— 
the semi-empirical LCAO theory*—is incapable of dis- 
tinguishing between the energies of the first three 
excited-singlet states (transitions to which account for 
the a, p, and 8 band systems). It is only by trying to 
assess the complicated electron repulsion terms that 
these states may be separated. And it appears that 
present computational techniques do not have sufficient 
accuracy to merit the attempt for all but the simplest 
systems. Moreover, the intricate methodology asso- 
ciated with such calculations would seem to mask 
rather than to reveal the generalizations that appear to 
underlie the spectra. 


Platt has proposed a peculiarly simple approach to 
the classification of the spectra of these cata-condensed 
hydrocarbons.® It is based on what may be called the 
“perimeter” model of these systems, which is a simpli- 
fication of the molecular orbital method. Essentially, 
he relates the electronic states of a given hydrocarbon 
to those of the corresponding cyclic polyene (e.g., of 
naphthalene to cyclodecapentaene). The first excited 
states of such cyclic polyenes, of general formula 

2R. N. Jones, Chem. Rev. 32, 1 (1943); 41, 353 (1947). 

3H. B. Klevens and J. R. Platt, J. Chem. Phys. 17, 470 (1949). 

4 J. E. Lennard-Jones and C. A. Coulson, Trans. Faraday Soc. 


35, 811 (1939). 
5 J. R. Platt, J. Chem. Phys. 17, 484 (1949). 
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ELECTRONIC SPECTRA OF CATA-CONDENSED HYDROCARBONS 


TABLE I. The character table for the point group. Di4y42)n= C442)» XC.. 











C(4r+2)v I 2C4y4+2 2C4r427 Cayo?! =C2 (2v+1)on (2v+1)oa 
Ay 1 i 1 1 1 1 T; 
Ag 1 1 1 1 —1 —1 
By 1 —1 1 —1 1 —1 
Bo 1 —1 1 —1 —1 1 
Ey 2 2RI1 (w) 2RI (wo?) —2 0 0 | ae 
E, 2 2RI(w”) 2R1(w”) | (—1)’2 0 0 
2 2RI(w"*) 2RI (w+?) (—1)’*12 0 0 





2RI(w*”) 2R1(co*”) 











I =identity operator; C4,42 =rotation by 27/(4v+2) about the z axis; ov =reflection in a vertical plane of symmetry containing carbon atoms; oa =reflec- 


tion in a vertical plane of symmetry bisecting carbon-carbon bonds. w =exp{2mi/(4v +2) }. 
C, has only two elements, J and the reflection ox in the horizontal (xy-) plane of symmetry. Representations of the full group are therefore characterized 


C442Hs42(v=1, 2, -- +), have certain symmetry proper- 
ties which are preserved throughout the series of 
homologs. And these characteristics are empirically 
parallelled by the permanence of certain band types in 
the cata-condensed molecules, of general formula 
C442H»,44. This leads to an exceedingly fruitful classifi- 
cation of the spectra. There is, however, a variety of 
questions which Platt’s treatment throws into relief— 
particularly those related to features II-VI above. 

In the present note, a preliminary solution to these 
questions is outlined. To this end, simple LCAO theory 
will be used in conjunction with perturbation theory. 
Adopting the perimeter model, a description of the 
(hypothetical, planar) cyclic polyenes is first put for- 
ward and some plausible assumptions are made regard- 
ing their spectra—essentially an extrapolation from di- 
atomic molecules and benzene to cyclic homologs of 
the latter. These are then regarded as unperturbed 
states, from which the cata-condensed systems are 
formed by perturbation. In this way, there is a direct 
correspondence between the two types of molecule and 
the essential properties of the perimeter model may be 
handled simply and semiquantitatively. 

There is one important respect in which the treat- 
ment will differ from that of conventional LCAO theory. 
It is in the recognition that configurational interaction 
may be of two types. This classification is only rigid 
for the cyclic polyenes, but it is also important in other 
cases. The first type is due to the degeneracy of a par- 
ticular configuration and may be considered as a first- 
order effect. The second is of little account in the cyclic 
polyenes, involving the “high-frequency” terms of 
second-order perturbation theory. When the high 
symmetry of the cyclic polyenes is broken down, the 
distinction between these different types is obscured. 
By adopting the perimeter model, however, it remains 
a fairly real distinction and it is possible to refer the 


_ 





*W. Moffitt and J. Scanlan, Proc. Roy. Soc. (London) (to be 
published). 


first with respect to its C(4y42)» subgroup and then with respect to the inversion i =C2-oa in‘the center of symmetry. 





first-order assessment of configurational interaction in 
the cata-condensed molecules to that in the cyclic 
polyenes. 


1. THE CYCLIC POLYENES 


(a) Molecular Orbitals and Electronic 
Configurations 


Consider a cyclic polyene of general formulaC4,42H4,42 
in which the carbon atoms are regularly spaced on the 
circumference of a circle. For convenience, let the 
(4v+2)-fold axis of symmetry be called the z axis. 
As origin of coordinates take the center of the circle 
and number the carbon atoms serially from 0 to (4v+-1) 
on going around the ring. The x axis is taken as passing 
through the carbon atom labeled 0, and therefore also 
through atom (2v+1); the y axis then bisects the bonds 
linking atoms v, (3v+1) with atoms (y+1), (3»+2), 
respectively. Except in the simplest case of benzene 
(v=1), these cyclic polyenes are hypothetical, planar 
molecules defined for convenience in handling only the 
unsaturation electrons; the associated o-bond strain 
energies and so forth are of no concern. 

Owing to the high symmetry of the cyclic polyenes, 
the appropriate molecular orbitals ~; may be pre- 
scribed as linear combinations of 2pm atomic orbitals 
¢» straight away, 


47+1 


Yi=or pm w™ dm, (é=0, +1, ache +27, 2v+1), 


m=0 
where 


(1.1) 


w= e=exp{2ri/(4v+2)}, 


and o; is a normalizing factor which we shall take to be 
real and positive. It is easily verified that Y_;=y;*. By 
considering their transformation properties (see the fol- 
lowing), we may set these orbitals in correspondence 
with Platt’s free-electron orbitals: ¥; is then the LCAO 
equivalent of his orbital of angular momentum £h/27 
about the z axis. The one-electron energy €¢ associated 
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TABLE IT. The transformation properties of the molecular orbitals. 











vy v—y vy v—y-1 
Cate wp, w "py wy oy 
oy —y Wy yw Yo+l 
od (—1)’"¥-, (—1)"~, (—1)" Yi (-1) Woy 
ch —W —yp-y —Yv41 P93 








with y; will be a monotonically increasing function of 
||, with the identity e_;=e;. Thus all orbitals apart 
from the most stable (Wo) and the most highly excited 
(W241) are doubly-degenerate. (The precise definition of 
the Hartree-Fock energy parameter e; will, of course, be 
a function not only of v and £, but also of the particular 
molecular state with which it is associated; it is not, 
however, necessary to pursue this subject here.) 

The molecular orbitals ¥; span an irreducible repre- 
sentation of the molecule’s spatial symmetry group, 
namely, D¢4+42)r=Ccan42)»XC,, whose characters are 
assembled in Table I. Ci442)» is a group of order 
(8v+4) whose elements fall into (2v+4) classes, so 
that it has four one-dimensional and 2» two-dimensional 
irreducible representations. C, consists of only two 
elements, the identity J and the reflection o, in the 
horizontal plane of symmetry. The full group therefore 
has twice as many representations as C4,;2)», which are 
described by symbols characteristic of representations 
of this invariant subgroup, together with subscripts g 
or « according as these are even or odd with respect to 
the inversion i=C2-c,. In Table II, it is shown how the 
¥; transform; the particular reflections o,, ¢q which are 
chosen here and in Table III refer to the zx and yz planes, 
respectively. It should be noticed that, as is customary 
for benzene, the o, planes contain carbon atoms, whereas 
the oa planes bisect bonds. By inspection, it is clear that 
the molecular orbitals may be labeled according to their 
symmetry properties as follows: 


Yor41= b1,= bi, 
(|é| =1, 2, ie 2), 


where s=g when |£| is odd and s= when | &| is even. 
The last form of writing is that which we shall use in 
the sequel; it will always be used in conjunction with 
(1.1) rather than with Table IT, so that this analytical 
form for the molecular orbitals is preserved even when 
the molecule is distorted in such a way that the sym- 
metry is partially or completely lost. 

Molecular states are now built up in the usual way 
by constructing orbital configurations, or making elec- 


Yo= d1,= 41, 


(1.2) 
Wael = Cle st=eye\*, 


MOFFITT 








TABLE III. The transformation properties of the configurational functions. 





tron assignments. The ground configuration will be 
WM: (a1)?(e1)*+ + + (e)4, 
and the first-excited configuration is 
Q: (a1)?(e1)*+ + « (,)8(€>41). 


In prescribing these configurations, we do not at first 
distinguish, for example, e,+ from its complex conjugate 
e,-. This is of no consequence to the specification of 2, 
for which there is only one permissible electron assign- 
ment, corresponding to the antisymmetric function 


On = { (4v+2) !}~? det{ai (1)a(1), a1(2)8(2), 
s+, ey (4v+2)8(4v+-2)} 


= | ad,e1té:+- - -e,+8,+e,-2-|, say. (1.3) 
On the other hand, there are several linearly independent 
functions of this type which may be constructured from 
configuration @, which is therefore said to be degener- 
ate; all are associated with the same zeroth-order 
energy. Confining our attention to the singlets, although 
the subsequent development is in no way restricted to 
these, we may specify only four independent functions: 


O1=1/V2{| «+ -e,*2,4e-841-| 


+] ++ -e8+e412 |}, 
O2=1/V2{| ---e,-€-e,té41*| 

+ | a €y8yCy4. 1G, * | .. (14) 
@3=1/v2{ | - - -¢,+8,+e,-8417| 

+|-+-e,+é,*e41+é-|}, 
O4=1/V2{| -- +678 e,t8417| 

+] ++ +65-8,er41 2 * |}. 


Their transformation properties are gathered together 
in Table III, as are those of the linear combinations 


Ox= 1/v2(Oi+ 02), Oy= 1/iv2(Oi1— 02), (1 5) 
J 

Ov=1/V2(0;+ O1), Ov=1/iv2(O3;— Os). 
It will be noticed that whereas @,, @2 (or Ox, Oy) 
together span the irreducible representation 1}, of the 
molecular symmetry group, ©; and ©, span a reducible 
representation. The linear combinations Oy, Ov are 


appropriate in this case and are of species 'Biu, ‘Bow 
respectively. Since @2= 0,*, O,= O3*, it will be noticed 




















e1 @2 @; Ou @x @y Ou @v 
Cayo w®, ws —O; —O, RI(w)Ox+1m (Ww) Oy RI (w) Oy —Im(w) Ox —Ou —@Oy 
Ov ©, ©; Ox OQ; Ox = Oy Ou an Oy 
Cd —_ ©. — eC; —_ Q, > Q; aaa Ox Oy = Ou Oy 
oh 0: (oP Qs; ©, Ox Oy Oy 
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that all the functions Os, (S=X, Y, U, V) are real. 
Moreover, ©x, @y transform like translations along 
Ox, Oy, respectively ; this is useful to remember when the 
symmetry is partially destroyed, since a suitable num- 
bering of the carbon atoms will ensure that Ox, Oy, as 
also Oy, Oy, conform to primitive symmetry species of 
the lower group. 

Thus in every case (i.e., for all y>1), the first excited 
configuration gives rise to three singlet functions, 'Bi., 
‘Bo, and doubly-degenerate 'E;,, which Platt calls 
\L,, ‘Ly, and |B, respectively (see Table IV). That these 
states differ in energy may be attributed to “intra- 
configurational” interaction or, as we shall prefer to call 
it, first-order CI. Now states of the same symmetry are 
obtained from more highly excited configurations as 
well: there is, formally at least, another type of inter- 
action which is “inter-configurational” in origin; this 
we call second-order CJ. For the purposes of this note, 
we shall neglect second-order CJ altogether, justifying 
this by a reference to recent work on simple hydro- 
carbons.®7 

In what follows we shall reserve the symbols Os, 
(S=X, Y, U, V) for the singlet functions (1.5). When 
second-order CJ is ignored, these represent the asso- 
ciated singlet states arising from @, and in this specific 
sense, we may call them 25°, (S=X, Y, U, V). The dis- 
tinction, though real, is not important for the cyclic 
polyenes themselves, but is introduced for the purposes 
of later perturbation theory, when the 0s are used as 
the basis of representation for perturbed states Qs of 
the cyclic polyenes. 

The pictorial representation and qualitative descrip- 
tion of transitions between the states of t and @ have 
been discussed by Platt in some detail. Having formal- 
ized his perimeter model in LCAO terms, we shall not 
trouble to repeat such descriptions here. It may be 
noticed, however, that @y has 2» nodal planes (c2) 
normal to the polyene ring which bisect carbon-carbon 
bonds, whereas @y has 2» nodal planes (¢,) which pass 
through carbon atoms. 


(b) Orbital Energies 


We shall now give an outline of the simplest LCAO 
calculations which can be made.‘ For this purpose, we 
neglect overlap and interactions between all but nearest 
neighbors. Energies are then expressed in terms of the 
usual Coulomb integral a and the resonance integral £. 

Firstly, the orbital energy of an electron in y; is 
easily seen to be 


€:=a+26 cos(é), (1.6) 


The energy of the unsaturation electrons in their ground 
state N is therefore 


6=2/(2v+1). 


MotE (ete) = (4r-+2)a+48 cosec(6/2), (1.7) 





"W. Moffitt and J. Scanlan, Proc. Roy. Soc. (London) A218, 464 
(1953); W. Moffitt, Proc. Roy. Soc. (London) A218, 486 (1953). 
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TABLE IV. Different nomenclatures for states of 
cyclic polyenes and polyacenes. 


























Platt 
This paper (reference 5) Group theory 

X,Y 1B 1B yy 

U | 1Biy 

V a Boy 

(a) Cyclic polyenes. 
Platt Group theory Upper state of Clar’s 
This paper (reference 5) (reference 11) (reference 1) 
4 1By 1Biy B bands 
U a 1Bo, p bands 
V oy B IBiy a bands 
(b) Polyacenes. 





which corresponds to a resonance energy of 


© 2]|B| {2 cosec (@/2)—(2v+1)} (1.8) 
and a mobile bond order of 
(2v+1)-! cosec (6/2). (1.9) 


As the number of carbon atoms, and thus », increases, 
so the mobile bond order approaches the value (2/7). 

Secondly, we may give an estimate for the lowest 
excitation energy, which corresponds to the process 
(e,)—'(€,41). This is then simply 


€41— & = 4|8| sin (6/2), (1.10) 


which vanishes as » increases indefinitely. Now, this 
prediction gives, at best, only some mean excitation 
energy of the totality of states ('*By,, '*Bo., '*Ey.) 
arising from @, with respect to the ground state. The 
method is insufficiently sensitive to separate these 
states energetically. 

The methods of antisymmetrized molecular orbitals 
and of atoms in molecules are sufficiently discerning in 
this respect, but not sufficiently accurate for us to apply 
them with any confidence.* For this reason, we make 
the assumption that (1.10) may be used to compute the 
mean excitation energies of the higher cyclic polyenes, 
taking for 6 that value which is appropriate for benzene. 
In order to locate the particular states of @ relative to 
this mean, we shall also adopt an extrapolation method 
from benzene, which will now be described. 


(c) Excitation Energies 


As Géppert-Mayer and Sklar first pointed out, the 
molecular orbital theory correctly predicts the number 
of low-lying singlet states of benzene as three.® The first, 
very weak absorption system, with an excitation energy 
of ~4.9 ev, they identified as the 'A1,—'Bo, transi- 
tion (Clar’s a bands), which is electronically forbidden. 
The second, stronger system around 6.2 ev they at- 
tributed to the forbidden process 'A1,—'B,, (p bands), 


whereas the intense 7.0 ev absorption is clearly due to 


8M. Géppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 
(1938). 
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the allowed transition '!A,,—'E;, (8 bands). We shall 
accept their assignments in this note, as did Platt. 

Now it is easily shown that as »y increases, so the 
separation of the different electronic states arising from 
configuration @ decreases, vanishing asymptotically. 
Since in the higher cyclic polyenes (v>1), the trans- 
formation properties of the associated eigenfunctions 
remain identical, we may expect the relative separa- 
tions of these states to be roughly proportional: 
(CEiu—'Bi.)/('Biu—'Beu) for benzene will be the same 
as (‘Eiu—'Biu)/(Biu—'Beu) for cyclodecapentaene, 
and so on. And we shall further suppose that this 
similarity extends to the separation of these states from 
the corresponding ground states. On the basis of these 
qualitative arguments, we may now make (admittedly 
rather approximate) estimates of the relevant excitation 
energies in the higher cyclic polyenes: 

Using (1.10) to furnish the mean excitation energies 
and exploiting our proportionality assumptions it is 
easily seen that the excitation energy of a particular 
state Z(='F,., 1Biu, 'Bou) is given by 


4|6(=)|sin(6/2), 


where 6(=) is chosen separately for each symmetry 
species from the known benzene spectrum. For ex- 
ample, since v=1 and therefore 0=72/3 for benzene, 
|B(*Bi.) | =4(6.2) cosec(#/6) = 3.1 ev; and, accordingly, 
the 'B,,—1A1, interval for cyclodecapentaene is pre- 
dicted to be of the order 4(3.1) sin(#/10) ev. 

There seems to be little doubt that these very approxi- 
mate calculations are qualitatively correct. And, in the 
absence of a more reliable method, it seems rather 
pointless to use more elaborate techniques to attain 
results which are bound to be qualitatively similar and 
no more accurate. Essentially, we use the simplest 
LCAO theory as a means of extrapolating the spectra 
of the higher cyclic polyenes from the known benzene 
spectrum. 


(1.11) 


(d) Perturbation Theory 


We have now constructed a semi-empirical description 
of our cyclic polyenes (the “‘perimeters’’) in both their 
ground and lower excited states. Their spectroscopic 
properties can be assessed roughly by means of (1.11) 
and their approximate eigenfunctions are given by 
(1.3) and (1.5). In these paragraphs, we shall outline 
the way in which the lower states of the cyclic polyenes 
are modified by perturbations of a particular type. 

Of these perturbations, we shall require: (i) that they 
are small with respect to the separation of different 
electronic configurations giving rise to states of the 
same symmetry, if comparable to the separation of 
different electronic levels within the same configura- 
tion; (ii) that they may be expressed as the sum of one- 
electron Hermitian operators 

4v+2 


P= > Yi. 
i=! 
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With respect to the molecular orbitals py; as basis, a 
typical perturbation @ is represented by a matrix [P:, |, 
where 


Pi= [veonae= P,;* 
=¢70,{> wo )"A,, 


+> > (wr7—mE+ qymn—n8) Bn} 


mn>m 


(1.12) 


and 
An= f bn Dond?, Ban= f bm*po,dv (1.13) 


are the elements of the matrix representing the separate 
one-electron operators in a basis of AO functions. 
However, it is not in the molecular orbitals, but rather 
in the molecular states themselves that we shall be 
interested. In particular, referred to the four singlet 
functions Os, which we regard as the approximate un- 
perturbed eigenfunctions of the states arising from @, 
the perturbation operator is represented by the matrix 


Xx kK 0 RA) = Im(p) 
Y 0 ( —Im(\) Ri 
‘ ») a1 
U RMA) —Im(a) K 0 
VIm(p) Ri (u) 0 K 
where x is a constant, and 
A= P_,_ 7 —f,, —V) 
_ (1.15) 


= | ae ypit P,. —v: 


Here the element of the Sth row and Tth column gives 
the value of the integral 


Par= [ Ot00xdV. (1.16) 
The common diagonal term, namely x, is related to the 


diagonal element corresponding to the ground state by 
the formula 


f OxtOxdV =e Pa Posto =% say. (1.17) 


Since it is supposed at the outset that the perturbation 
is small with respect to the energetic intervals separat- 
ing Oy from the Qs, the matrix elements of ® connect- 
ing On with the Os are of no interest. 

Now, apart from the obvious appearance of zeros 
in (1.14), this matrix has certain other most illum 
nating properties. Suppose we neglect overlap, when 
o:= (4v+2)-? for all . It is then easily shown that 


= (2v+1)7 >. >§ Qu +) (mtn) Bain, 


mn>m 


b= (2v+1){>> w2tlm 4 _ 
+2 > >t wet) (mtn) Bea}, 


mm n>m 


(1.18) 
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where the first double summation (§) is taken over 
only those pairs of atoms for which (m+n) is odd, and 
the second (f) is taken over only those pairs for which 
(m+n) is even. Moreover, Oy is connected with the 
degenerate Ox, Oy pair only through A, and Oy is con- 
nected with Ox, Oy only through yu, the matrix elements 
between @y and Oy vanishing. This means that the 
1B,, and 1Bo, states will in general behave differently, 
and characteristically so, under the influence of a 
particular perturbation @. 

For example, suppose @ to be such that A,,=0 for 
all m and B,»,»,=0 whenever (m+ 2) is even. Then p=0, 
and that part of the energy matrix referring to con- 
figuration @ has the form 


Wx+k 0 RIA) 0 
0 Wy+« —Im(A) 0 

1.19 
RMA) —Im()) Wote oe 
0 0 0 Wyte 


Wx=Wy being the energy of the cyclic polyene in its 
unperturbed '£), state and Wu, Wy being the energies 
of its unperturbed 'B,,, 1Bo, states, respectively. The 
eigenfunctions of the perturbed states then have the 
form 


Qy= Oy, 
Qx =cosp{cosrOx+sin7rOy}—sinpOy, 


Qy=costOy—sinrOx, 
(1.20) 
Qv =cospOvy+sinp{cosrOx+sin7Oy}, 


where the parameters 7, p are easily determined when 
the latent roots of (1.19) are obtained. Under such a 
perturbation we see that apart from the common 
additive term x, the state V and one of the components 
Y of the degenerate Ox, Oy pair are left unchanged, 
whereas the Oy state and the remaining component of 
this pair interact, to form states X and U. Such a 
perturbation is illustrated graphically in Fig. 1(a). 

Similarly, if ® is such that B,,,=0 whenever (m+7) 
is odd, it is seen that one component X of the Ox, Oy 
pair, and U remain pure, whereas its remaining com- 
ponent mixes with Oy to form states Y and V. This 
type of interaction is illustrated in Fig. 1(b). 

For convenience, we shall refer to these two different 
types of perturbation as “odd” and “even,” respec- 
tively. The selectivity which they show is very impor- 
tant for the ensuing discussion. 





2. BENZENE PERTURBATIONS 
(a) “Even” Perturbations 


As a first example of the perturbation technique out- 
lined in the last section, we shall consider the effect 
of inductive substituents on the intensity of the for- 
bidden electronic transitions in benzene. The appro- 
priate perturbation operator in LCAO theory may be 
defined with respect to its representatives referred to a 
basis of atomic orbitals. If atoms 7, s, «++, ¢ have a 
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Fic. 1. The behavior of the lower-excited singlet states of the 
cyclic polyenes under perturbations. (Shifts K common to all 
levels have not been indicated.) 


common _ inductive substituent, then the relations 
Bun=0, Am=A (Smr+Omst+ "ara +4 mt) (2.1) 


define the perturbation. The constant A is the difference 
between the substituted and unsubstituted Coulomb 
integral a associated with a particular carbon atom. 
Clearly this substitution is “even” in the sense of 
Fig. 1. It follows immediately that only the ‘Bo, state 
is affected by the perturbation—at least to a first ap- 
proximation. This means that the 'A;,—'Bz», band sys- 
tem should be more strongly affected by purely induc- 
tive substituents than the '4;,—'B,, system, other 
things being equal. 

Putting these arguments on a more quantitative 
basis, we may suppose |u|<(Wx—Wy) and therefore 
write 

Qy = Oy+R(costOy+sinrOx), (2.2) 
where 
R=—|u|/(Wx—Wy), (2.3) 


for the perturbed ‘Bz, state. Since Qy now contains a 
small contribution from the 14, state, to which transi- 
tions from the ground state are allowed, we see that the 
intensity of the 'A4,,—'B,, absorption should be en- 
hanced. For different types of inductive substitution, 
this enhancement will be roughly proportional to |R|? 
and therefore to |u|?. 

In Table V we give values of |3u/A|* for mono-, 
di-, and tri-substitution by a common substituent type 
(constant value of A). These rules agree perfectly with 
those derived on different grounds by Sklar’ and by 


T=argu, 





TABLE V. The effect of substitution on the intensities of 
the a bands in the benzene spectrum. 











Type of Enhancement Type of Enhancement 
di-substitution factor tri-substitution factor® 
ortho- 1 1, 2,2 0 
meta- 1 1, 2,4 3 
para- 4 te S 0 














a The enhancement factor is taken relative to the effect |3u/A |* of mono- 


substitution. 


9A. L. Sklar, J. Chem. Phys. 10, 135 (1942). 
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Forster” and, as these authors showed, are in excellent 
accord with the known spectra of substituted benzenes. 
By our method of derivation, however, it becomes clear 
why the 2600A band system in benzene is more sensitive 
to inductive substitution than the 2000A system, de- 
spite the fact that the upper state of the latter transi- 
tion is nearer to the state from which the intensity 
is borrowed. This result may be considered as confirm- 
ing, if somewhat indirectly, the assignment of the 
longest wave length absorption to the 'A;,—'Bo, 
transition. 


(b) “Odd”? Perturbations 


As an example of an ‘“‘odd” perturbation in benzene, 
let us take the case where A,,=0 for ail m, and Bn» also 
vanishes unless m and m are neighbors (m+n odd). 
Under these conditions, it is seen from (1.18) that u 
vanishes identically and of the lower states 1B,,, ‘Bo, 
only the former interacts with the degenerate 1F,, 
state. Now this is exactly the type of perturbation 
associated with a distortion of the benzene ring in 
LCAO terms. The nonvanishing B,,,, correspond to the 
changes in the values of the resonance integrals Bm» 
associated with the distortion. Clearly it is just such an 
operator which must be used to describe vibrational 
perturbations of the benzene system. Rather naively, 
we may say that vibrations will allow the '£;,, state to 
contribute only to the 'B,, state and not to the 'Be, 
state. That is, the borrowed intensity which permits 
the observation of the forbidden 'A ,,—>'B,,, 'Bo, transi- 
tions should be greater for the former, 2000A system 
than for the latter, longer wavelength system, other 
things being equal. 

Now, it has been verified that both 'B, states may 
formally interact with the '£,, state on symmetry 
grounds, suitable vibrational species being present for 
both. On the other hand, the closer proximity of the 
1B}, to the '£;, state, should lead to a greater intensity 
for the 'A,,—>'B, transition than for the '4,,—>'Bo, 
system by the factor {(Wx—Wy)/(Wx—Wvu)}?=6. 
That the 'A,,—'B,, system is in fact between six and 
eight times as strong again in absorption than this 
proximity reasoning would suggest, or rather that the 
141,—'Bo, system is between six and eight times as 
weak, we may tentatively attribute to the insensitivity 
of the 'B2, state to “odd” perturbations. More thorough- 
going calculations are in progress to amplify this 
reasoning. 


3. THE POLYACENES 
(a) Excitation Energies 


We now apply the perimeter model to the poly- 
acenes. To this end, we take a typical cyclic polyene 
C442H4,42 and perturb it in such a way that its un- 
saturation electrons simulate those of the correspond- 
ing polyacene C4,,2H»,44. For example, by introducing 


0 T, Forster, Z. Naturforsch. 2A, 149 (1947). 
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a perturbation whose nonvanishing elements in a 
representation referred to the AO’s are Bos= Bso= B, 
say, we form a “bond” between atoms 0 and 5 of cyclo- 
decapentaene, which then becomes, to all intents and 
purposes, naphthalene. Similarly, we form z-electron 
systems analogous to anthracene, naphthacene, and 
pentacene by introducing suitable cross-linking per- 
turbations to the cyclic polyenes with the same number 
of carbon atoms. At the same time we complete the dis- 
tortion of our cyclic polyenes in such a way that its 
unsaturation electrons become isosteric with the corre- 
sponding polyacene; this is of no importance for the 
prediction of excitation energies, since we employ an 
approximation which neglects interactions between non- 
nearest neighbors, but is vital when we come to com- 
pute oscillator strengths. 

For convenience, we number the carbon atoms in 
such a way that the x axis, which contains atoms 0 and 
(2v+1), is the transverse (shorter) axis of twofold 
symmetry. The origin then lies at the center of sym- 
metry of the polyacene, and the y axis is the molecule’s 
longitudinal axis. The polyacene-forming perturbations 
are symmetrical (under their action, only states of the 
same symmetry interact) and the unperturbed func- 
tions Ox, Ov transform like translations along Ox, and 
@y, Oy like translations along Oy. In the notation 
appropriate to the point group Dor, Ox, Ov are of 
species 'Bo,, whereas Oy, Oy are of species 1B,,."' On 
grounds of symmetry alone, all four unperturbed states 
are now accessible by dipole transitions from the ground 
state, owing to the distortion of the z-electron system. 

Before proceeding with the calculations, our attitude 
to these might be clarified. In the first place, we assume 
that the perturbations may be handled in terms of the 
simplest LCAO theory. This is certainly only true asa 
first approximation, but it is not intended to aspire to 
greater quantitative accuracy. It is rather in the quali- 
tative behavior of the resultant states that we shall be 
interested, and in the more important sources of this 
behavior. Secondly, we shall suppose that the relevant 
perturbations may be handled in the manner of Sec. 
1(d): that only states arising from the same configura- 
tion of the cyclic polyene will interact under their 
influence. This will not be a good approximation for 
the more highly excited states, but should be adequate, 
within our prescribed limits of accuracy, for the lower 
states. 

In order to illustrate the nature of the perturbations, 
we shall first compute the diagonal terms of the per- 
turbed energy matrix. For the states arising from 4, 
these are simply the (Ws+x«) and for the ground state 
(Wx+x). We shall plot our results with respect to 
(Wx+x) as the origin of energy units, so that they are 


1C, A. Coulson, Proc. Phys. Soc. (London) 60, 257 (1948). 
We use the same group notation for the transverse and long! 
tudinal polarizations as Coulson, although we have had to use 4 
different choice of x, y, and z axes; this is due to the fact that the 
principal axis of symmetry for the cyclic polyenes is, by convet 
tion, the z axis. 
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Fic. 2. A preliminary stage in the calculation of the excitation 
energies of the polyacenes. 





expressed as “excitation” energies in Fig. 2. For a 
particular state, Oy say, we use (1.11), (1.12), and 
(1.17), setting the perturbation parameter B=8('B,,), 
the resonance integral used in (1.11) for this particular 
symmetry species. And similarly for Ox, Oy, and Oy. 
The behavior of these curves, as functions of y, is de- 
termined very largely by the form of the excitation 
energies of the cyclic polyenes; they do not, however, 
fall off as rapidly with increasing v as do the latter. 
The degeneracy of the Ox, Oy pair has not yet been 
lifted. 

The second, and final stage of the calculations is con- 
cerned with the scrambling of the unperturbed states 
arising from configuration @ under the influence of the 
perturbations. By symmetry, ©x may interact with 
Ov, and so may Oy with Oy. However, it is easily seen 
that the sum of the indices of the atoms linked by the 
newly-formed bonds is always odd. The perturbation 
is therefore also “odd” and the possibility of mixing 
Oy with Oy is never realized: the perturbed states are 
represented by the unperturbed functions 


Qy= Oy, Qy= Oy. (3.1) 


These correspond to the upper states of Clar’s a and 

8 bands, respectively (see the following). However, 

under an “‘odd”’ perturbation of this type, Oy and Ox 

interact to form the perturbed states 
Qx=cospOx—sinpOv, 3.2) 
Qy=cospOv-+sinpOx, 

where 


p=} tan {2A/(Wu—Wx)}. (3.3) 


As a result, the curves representing Ox and Oy in 
Fig. 2 repel each other and the complete excitation dia- 
gram follows Fig. 3. The rapid movement downwards 
of the p bands is ascribed to the resulting stabilization 
of its upper state, namely Quy. 

It is easily seen that \ of (1.18) is real in all these 
cases, and a multiple of the perturbation parameter B. 
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More specifically, it is found that 
A=2B(—1)’"(vy—1)/(2v+1). 


For the excitation energies shown in Fig. 2, we set B 
equal to the “resonance integrals” 8, appropriately 
chosen for the different states using the observed ben- 
zene levels, and therefore consistently with the extra- 
polations from benzene we had used to determine the 
spectra of the cyclic polyenes. The off-diagonal param- 
eter B cannot be chosen in this way, except in so far as 
it must obviously be of the same order of magnitude as 
the three 6(=)’s. We choose it semiempirically as 
~2.5 ev. It should be remembered that we are not 
aiming at quantitative results, and fortunately the 
accuracy we do obtain owes little to the particular 
values assigned to the perturbation parameters, always 
provided that these are in the neighborhood of 3 ev. 

Tn addition to the predicted curves of Fig. 3, we show 
the observed spectroscopic intervals as points. We have 
only included data for the three lowest states Y, U, 
and V (or 'B,, 'L, and 'Z, in Platt’s notation), since the 
X state probably begins to interact with states from 
higher configurations on the one hand, and because the 
empirical identification of the higher states is neither 
complete, nor does it appear so reliable. The quantita- 
tative agreement is remarkably good but probably 
fortuitous in part. It is “stable” with respect to the 
parameters B and derives almost entirely from the 
qualitative properties of the “perimeters,” the cyclic 
polyenes. The lowest states of the polyacenes may be 
described as arising from states of the corresponding 
cyclic polyenes under the appropriate cross-linking 
perturbations. Of these states, only Ox and Oy may 
interact with the result that the simple behavior in 
Fig. 2 is modified only by the more rapid descent of the 
curve representing state U, as in Fig. 3. 


(3.4) 


(b) Isomerism 


In order to confirm and to extend our description of 
the lower excited states of the polyacenes, we may apply 
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Fic. 3. The predicted and observed excitation energies in the 
polyacene spectra. 
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the same considerations to their isomers. Two distinct 
cases arise. If we suppose the new cata-condensed 
systems to be built up from fused benzene rings, e.g., 
phenanthrene, then the cross-linking perturbations 
remain “‘odd.”’ However, if the isomeric molecules con- 
tain odd-membered rings, e.g., azulene, we shall dis- 
cover a different type of behavior. In these paragraphs, 
we shall confine our attention to the cases where the 
ring systems all contain six carbon atoms; the case of 
azulene will be taken up again in the next section. 

The positions at which cross linking is effected to 
produce cata-condensed systems from cyclic polyenes 
are important not only in deciding whether the ap- 
propriate perturbations are “even,” “odd” or have some 
more complicated form, but also in determining their 
more quantitative aspects. Thus, for any ‘“‘odd’’ per- 
turbations, the behavior symbolized in (1.20) is obeyed. 
But the extent to which the Oy state is stabilized by 
interaction with the Ox, Oy pair is determined by the 
magnitude of the parameter \ of (1.18). It is in this 
way that phenanthrene differs from isomeric anthracene. 

Let us number our cyclic polyene (v=3) in such a 
way that its atoms 3 and 4 occupy the meso-positions 
of phenanthrene, and atoms 0 and 7 the meso-positions 
of anthracene. Then it is easily seen that \= (4B/7) 
Xcos(4r/7) in the former case, whereas \= (4B/7) in 
the latter, (k— x) being the same in both. (The magni- 
tude of the perturbation is determined by |\|, which is 
independent of the origin of indexing, of course, but 
by adopting this specific form, we ensure that Ox, Oy 
transform independently and that only ©x can then 
interact with Qy.) Accordingly it is clear from (1.19) 
that @y and ©x do not interact nearly as strongly in 
phenanthrene as they do in anthracene. As a conse- 
quence, we should expect that of the three lower ex- 
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cited states of these two molecules, Y and V have the 
same excitation energies in both whereas the excitation 
energy of the state U is 4.0 ev in phenanthrene and 
only 3.2 ev in anthracene. This is in excellent agreement 
with the comparison of their spectra made by Klevens 
and Platt,* who call the relevant transition 'A—>'Z,. 

Similar comparisons may be made for the cata- 
condensed systems with four or five nuclei. Since 
(x— x) is the same for nearly all the isomers, and does 
not vary significantly for the few exceptions, we should 
expect, to a first approximation, that the location of the 
V and Y states of (1.20) is the same in all isomeric 
spectra. These states are not mixed by the “odd” 
cross-linked perturbations. They are called 1Z, and 'B, 
respectively by Klevens and Platt, and the data as- 
sembled by these authors confirm our conclusion. On 
the other hand, the behavior of the U state depends on 
\ and this quantity is the only one which distinguishes 
different isomers in our work. Accordingly we show the 
predicted movement of this band, and of the V band 
(which should remain inactive) relative to the Y band 
in Figs. 4 and 5. It will be seen that the characterization 
of the isomers is very satisfactory, especially when the 
relative crudity of our method is taken into account. 
The specificity of Clar’s p bands (our VU) to iso- 
merization and the concomitant insensitivity of his a 
and 6 bands (VV, Y respectively) is easily under- 
stood. 


(c) Intensities 


So far, we have been able to see how the a, p, and 8 
bands persist in the spectra of the cata-condensed hy- 
drocarbons. We have shown how their locations may 
be explained and, in particular, we have followed the 
characteristic movement of the p bands. Before going 
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on to discuss azulene (features V and VI of the intro- 
duction), we must attend to the intensity relationships 
(II) and the effects of substitution (IV). For benzene, 
these have already been considered in Sec. 2. 

Let us first assess the intensities of transitions from 
the ground state Oy to the unperturbed states Os of 
some cyclic polyene, which has been distorted so as to 
have the same shape as a particular cata-condensed 
hydrocarbon. (For the undistorted rings, of course, 
transitions V— X, Y are electronically allowed, whereas 
N-U, V are electronically forbidden; vibrational per- 
turbations enable the latter to “borrow” intensity from 
the former, but the .V—-U transition is more susceptible 
to this than the V—YV transition.) As a first step in this 
calculation, we follow Mulliken” and evaluate the effec- 
tive dipole vectors 


t= font r)OgdV, (S=X,Y,U,V), (3.5) 


where r; is the position vector of the ith unsaturation 
electron, referred to the centroid of charge as origin. 
If the molecular orbitals are considered to remain 
orthogonal, despite the distortion, it is easily seen that 


Qxx°= 2Riq_,, —tmly 
QOxv°= 2RIq_,, v+1y 


Qxy= 2Tmq_y, —v—ly 
(3.6) 
Qxy= 21 mq_y, v+ly 


where 
qen= f v:*np,dr. (3.7) 


So that, neglecting overlap between all but adjacent 
carbon atoms, 


Qn x°= 2o,041 > cos{mr/(2v+1)}am, 
Quy’ = 26,041 = sin{ _ mr / (2v+ 1) te, 


Qx v= 20,0141 > cos(mm)am, (3.8) 


m 


Qnv’=4ovor1 > YS sin{(m+n)r/2} 


m n>m 


Xcos{ (m—n)r/(4v+2)}bmn, 


where 


a,,= f bm*tbmd0= Im, 
(3.9) 
bar= f bnttbud0= 3 (tuts)San 


In, ¥, being the position vectors of the m, nth carbon 
atoms and Sm, being the overlap integral between ¢,, 
and @,. We have used the fact that, under the distor- 
tion, the cyclic polyene assumes the geometry of some 
cata-condensed hydrocarbon containing only even- 


®R. S. Mulliken, J. Chem. Phys. 7, 14 (1939). 
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membered rings, so that all adjacent carbon atoms 
differ in their indices by an odd number. It will be 
noticed, immediately, that contributions to the effec- 
tive dipole vectors Q® arise only from atoms for “‘transi- 
tions” N—X, Y, U, whereas Qyy’ consists of contribu- 
tions from bonds only, and therefore contains the 
overlap integral as a factor. 

Even though these formulas are only approximate— 
we have assumed the MO’s to remain orthogonal under 
the distortion—it is very instructive to evaluate the 
Q"’s. For this purpose, we choose the polyacenes them- 
selves, which serve to illustrate the essential factors de- 
termining intensities. Similar results are easily obtained 
for their isomers, whose condensation is not linear. For 
simplicity, we suppose the molecules to consist of 
fused regular hexagons with sides of length R=1.4A. 
Using the approximation o,~ (4v+2)-!~o,,;, it is 
found that 


Qnx’= Ri{3/(4v+2)}cosec (6/2), 
Oxy? = — Rj{x/3/(4v+2)}cosec(8/2)cot (0/2), 
Qnv’= Ri(—1)"*1{ (v—1)/(20+1)}, 


Oxy? = SRj(—1)"{4/3/(4v+2) }cosecB{ cosec (6/2) 
—2v sin(30/2)}, (@=2/(2v+1)) 


where i, j are unit vectors along Ox, Oy respectively and 
we have put Sn»,=S whenever m, n are adjacent. Cer- 
tain results are apparent at once. 

For example, |Qnx°| never becomes large; its magni- 
tude for benzene is R and for a very long polyacene, it 
approaches (3/2)R monotonically. |Qny°|, on the other 
hand, increases almost linearly on increasing the num- 
ber of fused rings. |Qnv°| is again bounded, and never 
exceeds 3R. |Qny°| vanishes identically for distorted 
cyclodecapentaene, which is the perimeter of naph- 
thalene, and remains small even as far as pentacene; 
it contains the overlap integral. For benzene itself, of 
course, we have |Qnx°|=|Qny°|=R and |Qyv| 
= |Qnv°| =0. 

We are now in a position to make estimates of the 
intensities of the various bands which arise in the 
spectra of the polyacenes. These are best compared on 
the basis of their oscillator strengths /, which are pro- 
portional to the excitation energy of the upper state 
and to the square of the effective dipole lengths asso- 
ciated with the transitions.” When Qy is the ground- 
state function, and Qs the eigenfunction of the upper 
state, the effective dipole length is defined as 


(3.10) 


Ovs= fox" r)QsdV. (3.11) 


Thus |Qys|? is the main criterion for the purely elec- 
tronic contribution to the intensity of the N—S bands. 
We shall discuss the three different band systems in 
turn. 

The very intense bands which Clar calls 6 bands are 
those due to the transitions N—Y in our notation 
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(Platt’s 'A—'B,). They are longitudinally polarized. 
Now, in our approximation, we have, according to (3.1), 
Qv= On, Qy= Oy, so that the effective dipole lengths 
are given by the Qny° of Eq. (3.10). Thus we should 
expect the intensities of these transitions to increase as 
we go to the higher polyacenes. They correspond to the 
allowed transition (1A,,—'£),) in benzene, and there- 
fore absorb very strongly. 

The very weak a bands, which are obscured by the 
stronger p bands in anthracene and naphthacene, corre- 
spond to our transition VV. Just as for the 6 bands, 
we may use Eq. (3.10) to calculate the effective dipole 
lengths, since Qy= Oy in our approximation. Now the 
N--vV transitions are formally allowed electronically, 
since they too are polarized longitudinally. However, we 
have seen that |Qny°| vanishes identically for naph- 
thalene and is still very small for pentacene. The ab- 
sorptions associated with these transitions are there- 
fore exceedingly weak. It is, moreover, easily shown, 
by arguments analogous to those used for benzene, that 
the upper states of these bands are insensitive to vibra- 
tional (“‘odd’’) perturbations. So that, although they 
are often not far from more intense systems, they do 
not “borrow” intensity at all effectively. (The f value 
for benzene is only 0.002.) 

Lastly, we consider the » bands, whose moderate to 
strong intensity is attributed to the transition VU. 
The situation is slightly more complicated, since the U 
state is represented as the linear combination 


Qu=cospOy+sinpOx. (3.12) 


Accordingly, the effective dipole length is given by 


Qnv=cospQnv’+sinpQyx’. (3.13) 
Now, we have seen that |Qnv°| is small for small v and 
approaches 4R for very long polyacenes; |Qnx°| is 
always very close to R. Thus |Qwu| begins by being 
rather small and never exceeds 1/v2[4+ (3/m) ]R. The 
intensity of these bands is markedly affected by the 
vibrational couplings (‘“‘odd” perturbations), which 
we have considered qualitatively for benzene. As we 


TABLE VI. The calculated and observed oscillator strengths of 
band systems in the polyacene spectra. 











Naph- Anthra- Naph- Pen- 
Method Transition Benzene thalene cene thacene tacene 
calc. I N-V 0 0 0.0016 0.008 0.019 
calc. II (a@bands) 0 0 0.0005 0.002 0.006 
obs. 0.002 0.002 ? ? ~0.006 
calc. I N-U 0 0.38 0.37 0.32 0.29 
calc. II (pbands) 0 0.11 0.11 0.10 0.09 
obs. 0.10 0.18? 0.10 0.08 0.08 
calc. I N-Y iz 2.8 4.8 ‘ff: 9.9 
calc. II (8bands) (0.35) 0.85 1.45 2.16 2.97 
obs. 0.35 1.70 2.28 1.85 2a 








The important contributions of vibrational coupling to the observed 
oscillator strengths, particularly for the a and p bands are discussed in the 
text. 
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shall see more specifically below, this accounts for the 
moderate intensity of the p bands quite nicely. 

To illustrate the more quantitative aspects of these 
arguments, we shall estimate the oscillator strengths f 
of the three band systems using the formula” 


fu-+s= 1.085X 10"X |Qns|*X Ens, 
(S=V,U, Y), 


where Qys is expressed in cm and Ews, the excitation 
energy of the relevant upper state, is expressed in cm~. 
Then, using (1.19), (3.10), and (3.13) in conjunction 
with (3.14), we prepare Table VI. In the first row, we 
use (3.14) directly. But, as Mulliken has shown, 
calculations of oscillator strengths by means of this 
equation always lead to results whose values are too 
high. Accordingly he used correction factors in the range 
from 0.4 to 0.25. To obtain a better comparison with 
the experimental results, we therefore multiply all 
oscillator strengths in the first row by 0.3, thereby 
‘normalizing’ with respect to benzene, whose oscillator 
strength then comes out correctly. (Only N-Y is 
shown for benzene, since we do not include V—X for 
the polyacenes.) These modified values are given in the 
second row. The third row lists the observed values, 
which are taken from Klevens and Platt’s compilation. 

The agreement is strikingly good. For example, the 
calculated range of intensities falls sharply into the 
three observed domains. Those band systems of ex- 
ceedingly low oscillator strengths (V—V) cannot be 
compared at all closely with the empirical values, 
since the predicted intensities for the electronic processes 
are lower than those due to the vibrational coupling 
(A f~0.002). The bands of moderate intensity (VU) 
are more strongly affected by vibrational perturbations 
(Af~0.1) but presumably also have electronic contri- 
butions to their intensity. Our estimates of the latter 
show these to be of the right order of magnitude. 
Finally, the strong N—>Y bands are predicted to be in 
just the right intensity range. A more detailed compari- 
son of the numerical results does not seem very profit- 
able. In the first place, our theoretical method was not 
aimed at great accuracy, and in the second, the oscil- 
lator strengths in the shorter wavelength region are 
not easy to measure exactly. The uniform increase of f 
with v predicted for the 8 bands may well occur, but its 
observation may be obscured by possible interference 
from neighboring, more highly excited levels; the 
experimental behavior of €max certainly confirms the 
regular intensification which we have calculated. 

As a last feature of the intensities of these three band 
systems, we may consider the effect of inductive sub- 
stituents. The most striking change that is observed on 
going from a cata-condensed hydrocarbon to its aza- 
derivative, by the replacement of -CH= by —N=; 
is the sharp intensification of the a bands." And similar 
changes occur on replacing hydrogen atoms by more oF 


(3.14) 


13 Badger, Pearce, and Pettit, J. Chem. Soc. 1951, 3199. 
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less electronegative groups. Now the upper state of 
these bands is our V state which is sensitive only to the 
“even’”’ perturbations analyzed in Sec. 1(d). As an 
example of these, variations (A) of the Coulomb in- 
tegrals at particular atomic centers constitute an 
“even” perturbation. And such inductive changes at 
a carbon atom are of just this type. Accordingly, the 
effect of these perturbations is to mix the unperturbed 
V states, to which transitions from the ground state are 
virtually “forbidden,” with contributions from X and 
Y, to which transitions are strongly allowed. The ob- 
served intensification of the ensuing bands is easily 
explained on this basis. 


4. AZULENE 
(a) Excitation Energies 


In the preceding section, we have dealt with the 
“formation” of cata-condensed hydrocarbons contain- 
ing fused benzene rings, from their perimeters. It was 
always found that the cross-linking perturbations were 
“odd.” However, stable aromatic systems may also be 
formed in which the fused rings contain odd numbers of 
carbon atoms. The most simple of these is azulene which, 
like naphthalene, we relate to cyclodecapentaene. In 
this case, the relevant perturbation, when referred to an 
AO representation, has only two nonvanishing ele- 
ments, namely, Bsas= Bg2=B, say. This will link to- 
gether atoms 2 and 8, so that the new aromatic system 
contains fused five- and seven-membered rings. Since 
the sum of the atomic indices is now even, we are deal- 
ing with an “even” perturbation. 

The atoms have been labeled in such a way that 0 
and 5 lie on the twofold (x) axis of symmetry, with the 
former belonging to the five-membered ring. It is then 
easily verified that Oy, Oy transform like translations 
along the shorter, transverse (y) axis of the molecule, 
whereas @x, Oy are longitudinally polarized. Once 
again, it is formally possible for Ox and Oy to interact 
under the perturbation, and similarly for Oy and Oy. 
In contrast to the behavior found for naphthalene, 
however, it is @y and Oy which interact under the 
“even” perturbation, whereas the possibility of mixing 
Qx with Oy is not realized. 

A comparison of the predicted properties of naph- 
thalene and azulene is made in Fig. 6. At the sides of 
this figure, we show the location of the diagonal terms 
of the energy matrix (1.14), referred to their respective 
ground states, for both cases. It will be noticed that 
(x— x) is greater for naphthalene than for azulene. In 
the middle, the results of the full perturbation calcula- 
tions are illustrated. For azulene, we see that the inter- 
action of @y and Oy accounts for the low level of 
the V state, whereas the remaining states are unaffected. 
For naphthalene, on the other hand, it is the location 
of the U state which is affected by the appropriate cross- 
linking perturbation. We also indicate the observed 
energies of the three lowest-excited singlet states by 
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Fic. 6. A comparison of the spectra of azulene and naphthalene. 


circles on this diagram." It will be seen that the qualita- 
tive behavior we predict is perfectly correct. The quan- 
titative results are also quite good. Least accurate is the 
location of the lowest state in azulene. Considering the 
relative crudity of our method, it does not seem profit- 
able at present to speculate on the reason for the greater 
disparity in this particular case. 


(b) Intensities 


In the case of the polyacenes, it was possible to con- 
firm the assignment of the observed band systems, to 
the theoretically located transitions, on grounds other 
than those of excitation energies alone. Similar consider- 
ations must now be applied to the azulene levels. As 
before, we shall use the intensity of the bands for this 
purpose. (For the polyacenes, it was also possible to 
use isomerism and sensitivity to inductive substitution ; 
the application of an additional criterion will also be 
discussed for azulene below.) 

Calculations of the oscillator strengths associated 
with the three azulene transitions NV, U, X may be 
made in the same manner that similar computations 
were undertaken in Sec. 3(c) for the polyacenes. We 
assume that the geometry of the molecule is not far 
from that of a system which fuses a regular pentagon 
together with a regular heptagon of side R=1.4A. The 
calculations are then straightforward and it is unneces- 
sary to comment further on them, except to state that 
the same correction factor of 0.3 is applied to these 
cases, as was applied to benzene and the polyacenes. 

For the lowest N—V transition, the electronic con- 
tribution to the intensity is almost entirely due to the 
admixture of @y contained in Qy. This is predicted to 
lead to an oscillator strength which is rather less than 
0.02. Skeletal vibrations will not affect the intensity of 
these bands very much, since variations in the lengths 
of the ten perimetric bonds constitute “odd” perturba- 
tions, to which the upper and lower states are relatively 
insensitive. This is in good agreement with the oscillator 


1 Mann, Platt, and Klevens, J. Chem. Phys. 17, 481 (1949). 
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strength determined empirically by Mann, Platt, and 
Klevens (f~0.01), who call this transition 1'A—"'Z>. It 
corresponds to a transversely polarized absorption. 

The second band system, NU, has a very small 
electronic contribution to the oscillator strength, 
namely, 0.01. On the other hand, the upper state asso- 
ciated with this system is strongly affected by the 
“odd” perturbations which describe the more important 
effects of nuclear vibrations. By analogy with benzene, 
we should expect this coupling to enhance electronically 
negligible intensities by an amount Af~0.1. That the 
observed oscillator strength is in the neighborhood of 
0.08, is in excellent agreement with these expectations. 
The N-U system is longitudinally polarized. 

Lastly, we consider the longitudinally polarized 
N-—X bands. Here the transition is very strongly 
allowed, electronically, and we compute an oscillator 
strength {~0.6. This also agrees quite nicely with the 
empirical value of f~1.1. (Mann, Platt, and Klevens 
call this transition 14—'B,. It would seem, however, 
that the upper state of this system could profitably be 
renamed 'B,. For both 'Z, and 'B, would then be polar- 
ized along the same twofold axis of symmetry, and the 
subscripts a and 6 for Platt’s 1B states would have an 
enhanced significance. It would also appear to be more 
consistent with his usage for the polyacenes, where 'L, 
and !B, have the same axis of polarization.) 

It will be noticed in these cases, as for the polyacenes, 
that the intensity criterion is particularly good since the 
observed, as well as the calculated oscillator strengths 
differ sharply for the three lowest band systems. But 
it is most important in this connection to assess, how- 
ever approximately, the vibrational contributions to 
those. band systems whose purely electronic dipole 
lengths are small. In this note, we have used the criterion 
Af+0.1 for those transitions whose upper states are 
vulnerable to “odd” perturbations, whereas Af~0.002 
for the remainder—using the known benzene spectrum 
as the basis for these estimates. A more fundamental 
treatment of this topic is being carried out and will be 
published at a later date. 


(c) The Effect of Inductive Substituents 


One of the most striking features of the azulene 
spectrum is the sensitivity exhibited by the lowest 
N-V band system. On effecting substitutions for 
hydrogen atoms by more or less electronegative groups 
at different positions in either or both of the fused rings, 
characteristic and quite appreciable shifts to greater or 
to lower wavelengths are observed. But concomitant 
shifts in the other two band systems are much smaller 
and of the usual bathochromic type. Coulson and others 
have discussed this phenomenon but, as he remarked,'® 
it has remained a mystery why the V—V system should 
be unique in this respect. The present approach offers a 
very natural explanation of these effects. 


18 C, A. Coulson, Proc. Phys. Soc. (London) A65, 933 (1952). 















Consider first the cyclic polyenes of (4v-+2) carbon 
atoms. It is easily verified that the description of these 
molecules given in Sec. 1 assigns the electronic charges 
uniformly among the equivalent carbon atoms in all their 
states 27°, (T=N, X, Y, U, V). Under an “‘odd”’ per- 
turbation, these charge distributions remain unaltered. 
However, under an “even” perturbation, the situation 
is different. The separate, unperturbed functions 
@-7, (T=N, X, Y, U, V) describe states of the molecules 
in which no atom has a net charge. And therefore the 
N, U, and X states are unaffected by the perturbation 
in this respect. But the linear combination of Oy and, 
in our case, Oy—which is needed to describe the per- 
turbed V state (of azulene, say)—is such that the charge 
distribution is no longer uniform: fractional positive 
and negative charges appear on the various carbon 
atoms in this particular state, and in this state only. 

More specifically, we may write for the eigenfunction 
of the V state in azulene 


Qy=cospOy+sinpOy, 


where the parameter p is determined by the usual 
methods of Sec. 1; it turns out to be in the neighborhood 
of 273°. Then, although the separate distributions Oy, 
@y are uniform, it is readily shown that their inter- 
ference induces a net charge of 


— (1/5) sin2p cos(6m7/5) 


at the carbon atom which we have labeled m. It may 
be noticed that the ratios of these charge increments 
are independent of the specific value calculated for p. 
Up to the present, we have found it convenient analyti- 
cally to index carbons serially on going around the ring 
of the parent cyclic polyene. Since this is at variance 
with chemical nomenclature, we shall adopt the latter 
from now on and abandon our original designation. 
The net charges are therefore given numerically, to- 
gether with the conventional labelling, in Fig. 7. 

That such charge separation should occur for the V 
state of azulene, which arises from an “‘even’”’ perturba- 
tion of cyclodecapentaene, is not in any way surprising. 
It will be recalled that electrostatic perturbations of 
benzene induced a mixing of its 'Bo,(V) and 1£,,(X, Y) 
states in Sec. 2(a). The cyclic polyene in this case 
(v=1) rearranged its electronic densities in such a way 
as best to accommodate itself to the different conditions 
defined by its substituents; some charge separation 





-0.05 


(in units of the protonic charge) 


Fic. 7. The charge distribution in the first excited state of azulene. 
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occurred. This effect was also due to an “even’’ per- 
turbation. 

The changes to be observed in the azulene spectrum 
on replacing hydrogen atoms by electron donors or ac- 
ceptors may now be worked out quite simply—to a 
first approximation, at least. The charge distribution 
being uniform in states V, U, and X, we should antici- 
pate only second-order shifts in the band systems NU 
and N—-X. However, an inspection of Fig. 7 shows 
that if electron donors (e.g., methyl groups) replace 
hydrogen atoms at positions 1, 3, 5, and 7, the V state 
is stabilized and we should expect corresponding first- 
order shifts in the N—V bands to longer wavelengths 
(bathochromically). Conversely, similar substitutions 
at positions 2, 4, 6, and 8 should lead to hypsochromic 
shifts. Moreover, within the limits of accuracy set by 
our first-order treatment, the effect of successive re- 
placements should be additive. Substitution by electron 
acceptors (more electronegative atoms or groups, like 
—COOH), on the other hand, should follow exactly 
the opposite laws: at positions 1, 3, 5, and 7 hypso- 
chromic shifts are expected, whereas at 2, 4, 6, and 8 
the VV bands should be moved to longer wavelengths. 

These qualitative rules reproduce precisely the em- 
pirical behavior of the N—V band system.'* Moreover, 
the shifts observed are much larger than those obtained 
for the VN->U, X systems, which is again what we should 
have expected. Using the magnitudes of the charge in- 
crements of Fig. 7 as a quantitative guide, it appears 
that the numerical value of the methyl shifts at posi- 
tions 1 and 4 is rather larger than would have been 
anticipated. No importance is attached to this, however, 
since neither the second-order effects of the substitu- 
tions nor their hyperconjugative propensities—which 
are probably also subsidiary factors—have been con- 
sidered. We should be content that a treatment as sim- 
ple as that described is qualitatively so successful. It 
lends powerful support to the identification of the band 
systems. 

1 P, A. Plattner, Helv. Chim. Acta 24, 283 (1941); 34, 971 


(1951); P. A. Plattner and E. Heilbronner, Helv. Chim. Acta 31, 
804 (1948). 
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DISCUSSION 


It has been shown how the perimeter model accounts 
for the more prominent features of the electronic spectra 
of cata-condensed hydrocarbons. These include the 
location of the three lowest band systems, their intensi- 
ties and particularly the way in which these are affected 
by vibrational coupling and substitution, the effects of 
isomerism and the characteristic shifts accompanying 
substitution in azulene. Starting with the supposedly 
known benzene spectrum, the properties of the cyclic 
polyenes were estimated. These hypothetical molecules 
were then subjected to perturbations under which their 
unsaturation electrons simulated the behavior of the 
cata-condensed systems of interest. The most interest- 
ing properties which emerged were due to the very 
specific, almost geometrical nature of these perturba- 
tions. 

The method which was used has several advantages. 
More particularly, it is sufficiently simple for its general 
results to become apparent almost immediately on 
qualitative grounds. The calculations never require the 
solution of difficult secular equations, but may be 
carried out directly using trigonometric tables. Another 
of its more important aspects concerns the sense in 
which perturbation theory is employed: the zeroth- 
order levels in the treatment refer to states, and not to 
orbitals. It is in this way that many of the complications 
(particularly those connected with configurational inter- 
action) of previous theoretical work are avoided. There 
are many points of interest which arise relating the 
perimeter theory to the conventional methods of ap- 
proach. In view of the very limited ability of the latter 
to rationalize the spectral features, it would be desirable 
in many ways to pursue this topic here. It seems, how- 
ever, that this could more profitably be discussed in a 
later and quite separate communication. 

The work reported in this note was largely stimu- 
lated by the publications of Clar, Jones, and particu- 
larly of Platt, references to which have been made 
above. 
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Little work has been done, either experimentally or theoretically, on the problem of photochemical reaction 


kinetics in the solid phase, although this field is of practical importance in connection with the weathering of 
polymeric films and sheets. Reaction kinetics in solid films are greatly influenced by diffusion phenomena. 
The Laplace transformation technique offers a convenient method of solving many problems concerning the 
interaction of diffusion behavior with reaction kinetics. The method is illustrated for the diffusion of a gaseous 
product from an irradiated film, with and without reaction rate dependence on product concentration, and 
for the diffusion of a gaseous reactant into an irradiated film, with and without reaction rate dependence on 
reactant concentration. In each case the expression for dissolved gas concentration across the thickness of the 
film is computed, and the quantum yield for the reaction involved is expressed as a function of film thickness, 
diffusion coefficient, rate of light absorption, and initial conditions. Equations for the effect of temperature 


variation and of intermittent light are derived in a few instances. 





INTRODUCTION 


HE production of high-polymeric materials of 
improved weathering properties has been a long- 
standing objective of industrial research. Perhaps the 
major cause of failure in weathering is the catalytic 
effect of the sun’s rays on the various degradation re- 
actions. The spectrum of sunlight extends down to 
2950A, and on a clear day the energy flux between 3000 
and 4000A has been estimated! as about one hundred 
times that from a 500-watt mercury vapor arc at a 
distance of ten centimeters. Considerable success in 
combating the degradative action of this powerful light 
source has been attained by empirical approaches, but a 
more fundamental understanding of the principles of 
photochemical reaction kinetics in the solid phase is 
needed. 

While a large body of quantitative information has 
grown up on the subject of photochemistry in the gas 
phase, most of the publications dealing with the solid 
phase merely present data on changes in color or phys- 
ical properties with no information on the amount of 
light absorbed in the process. Recently a few papers 
have appeared that give a discussion of the relationship 
between the quantity of light absorbed by solid films 
and the amount of chemical change resulting. Bateman? 
measured the quantum yield of hydrogen diffusing from 
a rubber film irradiated in vacuum with ultraviolet light. 
Wilson® irradiated a thin film prepared from the 
copolymer of vinylidene and vinyl chloride with mono- 
chromatic 2537A radiation and determined the quantum 
yields of hydrogen chloride and water vapor diffusing 
from the film. Hart and Matheson* measured the 
quantum yields of oxygen uptake for GR—S and 
natural rubber films irradiated with monochromatic 
light of various wavelengths. In the work of Hart and 
Matheson, especially, rate effects were observed that 


1A. R. Burgess, Chemistry & Industry 71, 78 (1952). 
2L. Bateman, J. Polymer Sci. 2, 1 (1947). 
3 J. E. Wilson, J. Am. Chem. Soc. 72, 2905 (1950). 
(1948) J. Hart and M. S. Matheson, J. Am. Chem. Soc. 70, 784 
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appeared to result from the slowness of gaseous diffusion 
in the solid film. 

The principal differences between the reaction kinetics 
of the gaseous and the solid phase can be attributed to 
the much closer packing of the molecules in the solid 
phase. All effects due to the interaction of molecular 
fields will be enhanced, and the frequency of inter- 
molecular contacts and collisions will be greatly in- 
creased in the solid. Phenomena such as the collisional 
deactivation of excited molecules and the Franck- 
Rabinowitsch type of recombination might be expected 
to proceed with high efficiency. The diffusion of gaseous 
molecules and radicals through the close-packed solid 
molecules will be quite slow as compared to the same 
process in the gas phase, and this latter property can be 
directly responsible for a number of peculiarities in the 
observed reaction kinetics. 

When a gaseous product of photodegradation is 
formed in a solid film the close packing of the molecules 
will prevent the immediate diffusion of the product 
from the film and cause a concentration buildup within 
the film. If the reaction rate within an infinitesimal 
volume is independent of product concentration, the 
accumulation of product within the film will have no 
effect on the observed rate of product diffusion from the 
film in the steady state. But if the reaction rate is some 
function of product concentration, the observed rate of 
product diffusion from the film will be altered in a 
complex way. 

When the irradiation of a solid material is discon- 
tinued, the gaseous product accumulated in the interior 
of the solid will continue to diffuse out. This phenomenon 
was observed by Noyes and Kouperman! in the photo- 
chemical decomposition of anhydrous oxalic acid crys- 
tals. Thus when intermittent light is employed, such as 
sunlight, for example, a plot of the product concentra- 
tion in a solid film versus the time will exhibit a cyclic 
nature, with the concentration function alternately 


6 W. A. Noyes, Jr.,and A. B. Kouperman, J. Am. Chem. Soc. 45, 
1398 (1923). 
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increasing in the light periods and decreasing in the dark 
periods. 

When the reaction rate is a function of product 
concentration, the interaction of the diffusion behavior 
with the reaction kinetics can lead to anomalous tem- 
perature effects. This arises from the fact that the 
diffusion coefficient is greater at higher temperature and 
the rate of product diffusion from the film is corre- 
spondingly increased. Other things being equal the 
resultant lowering of the product concentration within 
the film may cause a decrease in the over-all rate of 
product formation in some cases, thus presenting the 
superficial appearance of a reaction having a negative 
energy of activation. 

In the case of an external gas diffusing into, and 
reacting with an irradiated film, the dissolved gas in the 
center of the film may react so rapidly that it becomes 
completely exhausted before more gas can diffuse in 
from the outside. When such a situation holds true after 
a steady state has been reached the center portion of the 
film will continue to absorb light while reaction occurs 
at the surface layers only. This condition causes a 
substantial reduction in the measured quantum yield 
below the theoretical value for an infinitely thin film. 
For certain types of reaction kinetics, however, it can be 
shown that it is impossible to exhaust the supply of 
dissolved gas in the center of the film, no matter how 
rapidly the reaction may proceed. 

In gas phase photochemical reactions it is ordinarily 
taken for granted that the reactants and reaction 


. intermediates are uniformly distributed throughout the 


reaction vessel. In the rare cases when this condition 
does not hold true it is necessary to derive the local rate 
equations for an infinitesimal volume, dV, and then 
obtain the over-all or observed reaction rates by inte- 
grating over the total volume of the vessel.® In solid 
phase reactions, on the other hand, the relatively slow 
diffusion always prevents the uniform distribution of the 
reaction intermediates, and in most cases it is necessary 
to employ an integration over the irradiated volume to 
derive the expression for the observed reaction rate. 
The interaction between photochemical reaction ki- 
netics and diffusion effects can generally be expressed by 
a partial differential equation. It has been found that 
the application of the Laplace transformation to the 
equation and its boundary conditions often makes it 
possible to obtain the solution in a straightforward way. 
It is the purpose here to demonstrate the use of this 
technique and to show the types of quantum yield and 
rate functions obtained from certain combinations of 
reaction kinetics and diffusion behavior. There is no 
limit to the number of such combinations, but the dis- 
cussion here will be confined to a few simple examples 
chosen to illustrate the principles involved. The diffusion 





SW. A. Noyes, Jr., and P. A. Leighton, The Photochemistry of 
Gases (Reinhold Publishing Corporation, New York, 1941), p. 200. 
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of a gaseous product from a film will be investigated 
first, followed by a study of the relationships obtained 
when an external reactive gas diffuses into and reacts 
with a solid film. Each of these broad classifications will 
be further subdivided into the following types: (a) the 
rate of reaction independent of the concentration of the 
diffusing material, and (b) the rate of reaction directly 
proportional to the concentration of the diffusing 
material. 


CASE I. RATE INDEPENDENT OF GASEOUS 
PRODUCT CONCENTRATION 


Consider the case of gaseous product formation within 
an irradiated film, the rate of product formation in any 
infinitesimal volume being independent of product 
concentration. Let the film be of planar surface and of 
uniform thickness, and suppose that the beam from a 
monochromatic light source passes through the film in a 
direction perpendicular to the surface. If the thickness 
of the film is taken to be small as compared to the 
irradiated area the product diffusion is essentially one 
dimensional. The present treatment excludes situations 
where strong forces of mutual attraction between the 
gaseous product and the solid phase cause the diffusion 
process to deviate from Fick’s law.’ Under the limiting 
conditions defined here the product concentration func- 
tion @ will satisfy the equation 


6,(X,t)=DOxx(X,))+hk:, (0<X<il,t>0), (1) 


where the X coordinate is taken perpendicular to the 
film surface, D represents the diffusion coefficient, and 
k, the local rate of product formation due to the 
photochemical reaction. It is convenient to consider k; 
proportional to the rate of light absorption J,. For this 
discussion J, is taken as constant along the X coordinate 
within the film, a condition that is approximated in 
practice for low absorption coefficients or thin films. 

The origin of the X axis is placed at one surface of the 
film while the other surface intersects the axis at a 
distance / in the positive direction. Before the start of 
the irradiation the concentration @) of the gaseous 
product within the film is proportional to its external 
pressure in the space surrounding the film (Henry’s law). 
The treatment here will omit any reference to surface 
adsorption effects, thus restricting the applicability of 
the results to cases where adsorption effects are of minor 
importance. The external pressure of the product will be 
held substantially constant throughout the irradiation 
so that the concentration at the surface does not change 
from the 4 value. With these restrictions the boundary 
conditions can be written 


6(X,0)=0%, (0<X<I); (2) 


6(0,t)=60, O(1,t)=O, (t>0). (3) 


7R. M. Barrer, Diffusion In and Through Solids (Cambridge 
University Press, Cambridge, 1941), p. 451. 
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Letting L{0(X,t)}=u(X,s), the problem in the trans- 
form of @(X,t) is then 


s?u(X,s)—s09= sDuxx(X,s)+hi, (4) 
su(0,s)=6o, su(l,s)=Oo. (5) 
The solution is 
[ (k:+60s) sinh/(s/D)!— k, sinhX (s/D)? 
— k; sinh(J— X) (s/D)*] 








u(X,s)= (6) 
. s* sinhl(s/D)} 
It follows from the inversion theorem that 
1 y+ ico 
6(X,)=— f e* 
tr y— i 
(ki+6od) sinh(A/D)*— k; sinhX (A/D)! 
—k; sinh(J— X) (A/D)! 
xX dx, (7) 
? sinh] (A/D)! 
where y>0. 


Let the multiplier of e** in the integrand of (7) be 
denoted by f(A). The integral can be evaluated readily 
provided f(A) satisfies certain order requirements. The 
poles of f(A) lie at 


\=0; A=—Dn'x?/P, (n=1,2,---). (8) 


In Fig. 1, AB is at a distance y from the imaginary axis. 
If the circle I has a radius equal to D(n+}3)?(x°/P) it 
will not pass through any pole of the integrand. On the 
arc of the circle BCA let \= Re*®, —rS6Sr. It can be 
shown, for the domain 0S X S/ and —rSfSr, that 

















sinhX (A/D)! 
sinhi(\/D)! 
Bi B 
r 
Mn 
Cc O 
A A 





Fic. 1. Case I, path of integration. 
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and 





sinh (I— X) (A/D)! 


M", (9) 











sinhl(4/D)! 


where M’ and M” are constants independent of n, and 
hence 


M 


where M is a constant independent of n, and g>0. 
Because of this order property of f(A) it is known’ 
that fe*'f(A)d\ taken over the arcs BB’C and CA’A of 
Fig. 1 tends to zero as R-~, provided ‘>0. The line 
integral of Eq. (7) can therefore be replaced by the 
integral around the contour of Fig. 1, and this in turn by 
the integral around any circle centered at the origin and 
enclosing the singularities at zero and — Dn’*x’/?* of the 
integrand. By Cauchy’s theorem this is equal to 2ix 
times the sum of the residues of the integrand at its 








poles. 
The residue at the pole \=0 is 
k, (Xl— X?) 
66+-—_—_. 
2D 
The sum of the residues at the poles \= — Dn?x*/F? is 
4k? wo 1 Dir?xr na X 
_ —_ exp| _ | sin : 
Dr? n=1,3,5 n 


where m takes odd integral values only. Using these 
results in (7) gives the complete solution, 


ki(XIl—X?| 4k,P 
aD 
1 | Dn?r 





6 (X,t) =Oo+ 


mnX 
} sin: - (11) 





x > —exp 


n=1,3,5 n° 


By direct substitution it can be shown that this solu- 
tion satisfies the statement of the problem in Eqs. (1), 
(2), and (3). By a more rigorous consideration of the 
continuity and order conditions of the required concen- 
tration function, it is possible to prove the uniqueness of 
the solution, but this is omitted for the sake of brevity. 
Furthermore, the physical problem of the concentration 
through a film with prescribed initial concentration 
function and prescribed concentration conditions at the 
surfaces must have just one solution. 

Figure 2 presents a plot of 6 versus X according to 
Eq. (11), using arbitrary values for the other quantities. 
The diffusion coefficient D and the initial concentration 
6) were chosen of an order of magnitude in conformity 
with the data of Barrer® on gaseous diffusion in polymers 
at room temperature. The rate constant k, was selected 

8 H. S. Carslaw and J. C. Jaeger, Operational Methods in A pplied 
Mathematics (Oxford University Press, London, 1941), second 


edition, p. 76. 
9 See reference 7, p. 420. 





The 1 
each s 
subtr: 
from 
time 1 
film : 


W: 


As / in 
to the 


having 


This le 
period 
of the ¢ 
there i 
resultir 
the tot: 
some u. 

Diffe 
the rat 
yield in 


In this 
tions in 
taken p 
When 
functior 
of light. 
the prot 


9,(X,t) = 










n’ 
of 
ne 
he 
by 
nd 
he 
Wes 
its 


|ese 


i) 


olu- 
(1), 
the 
cen- 
ss of 
vity. 
tion 
tion 
t the 


ig to 
ities. 
ition 
mity 
mers 
acted 
p plied 


cond 





to give a rate of product formation of the order of that 
reported by Bateman.’ The several curves shown 
present the concentration function for different values 
of 4, with the top curve indicating the form of the 
function in the steady state. 

Each square centimeter of film contains @/ moles of 
gaseous product at the start of the irradiation. The total 
amount of gas formed by decomposition after time ¢ is 
klt mole cm~. By integrating 6(X,t) from 0 to/ the total 
amount of product gas within one square centimeter of 
film at any time is shown to be 


kB 8k «wo 1 Dn?x*t 
Aol+ | - . 











2 —exp 
12D xD n=1,3,5 m4 


[2 


The total amount W of gaseous product diffused from 
each square centimeter of film after time ¢ is obtained by 
subtracting the amount present in the film at time / 
from the sum of the total amount of gas formed after 
time ¢ and the amount of gas originally present in the 
film : 

RiP 8k «© 1 

2, —exp 
12D D ~=13,5 n4 


Dn? x*t 
W = k,li— 














. (12) 


- 


As / increases the W function approaches asymptotically 
to the line 


kB 
W=k,lt——_, (13) 
12D 
having an intercept on the ¢ axis at 
p 
{=—_. (14) 
12D 


This length of time may be defined as the induction 
period due to diffusion. It is caused only by the slowness 
of the gaseous product in escaping from the solid film. If 
there is in addition the usual sort of induction period 
resulting from the mechanism of the chemical reaction, 
the total observed induction period will be increased by 
some undetermined amount. 

Differentiating (13) with respect to ¢ and dividing by 
the rate of light absorption, /,/, gives the quantum 
yield in the steady state: 


o=—, (15) 
I, 


In this case the quantum yield is unaffected by varia- 
tions in @, D, or J. As stated in the foregoing, k; has been 
taken proportional to Ja, so ® is also independent of Ja. 

When intermittent light is used the concentration 
function becomes periodic. If there are alternate periods 
of light and darkness of equal length a the equation for 
the problem of Case I becomes 


0,(X,t)=D0xx(Xf)-+k: © (—1)"H (t—na), 


(0<X<I,t>0), (16) 
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Fic. 2. Case I, 6 versus X/l; with ki=1.5X10~ mole cm™ sec, 
D=1.0X10~* cm? sec, 1=9.6X 10™? cm, 00= 1.0K 1077 mole cm™, 
and values of ¢ indicated in sec. 


with the arrangement of the film and the boundary 
conditions the same as described above. Here H (t—a) is 
defined as: 

H(t—a)=1) t>a, ° 

(17) 
=0) I<a. 


The problem in the transform is 


k 
su(X,s)—00= Duxx(X,s)+- i 
s(i+e-*) 


SU (1,5) =p, 





(18) 


su(0,s) =o, (19) 


The solution of the transformed problem is 
06 ky ky 
u(X,s)=—+ —- 
s S(ite-*) s?(1+e-%) 
= (s/D)'+sinh(l— X)(s/D)! 
x a 
sinhl(s/D)} 








} 


The justification for the use of the inversion theorem 
can be carried out as in the preceding problem, but will 
be omitted for brevity. The application of the inversion 
theorem to (20) yields the following series expansion of 
the inverse transform: 


X*—Xil = 4P 


2D mD 





0(X,t) =f 


o 1 na X Dn?r’*t 
xd —- sin(“~~) exp| - 
n=1,3,5 1° l P 
X*—X! 4P «@ 1 mrX 
+— > — sin( 
2D 1D m=1,3,5 m* l 











+E -1)} 


Dmx? (t—na) 
Xexp| — | Je—na)). (21) 
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This is the complete solution of Eq. (16). Substitution 
shows that it satisfies the statement of the problem and 
the boundary conditions. 
The concentration function at the center of the film 
for large values of ¢ reduces to 
[2 


6.=00+ki{ —+ e (— 1)"H (t—na) 
8D = 


PF HP a i 
x{ —-— ps (= 1)(™—-v/2 
8D wD m=1,3,5 m3 


e —— na) ] ) 22) 








Xexp 


A plot of 0, versus t for a= 1000 sec is shown in Fig. 3. 

Over long periods of time the amount of product 
formed is halved, but the amount of light absorbed is 
also halved so the average value of the observed 
quantum yield remains unchanged. If the length of the 
light and dark periods is reduced to the order of the 
mean life of the reaction intermediates, by the use of a 
rotating sector, for example, there may be a pronounced 
alteration in the quantum yield for certain special types 
of reaction kinetics.* In the present discussion this effect 
is eliminated by considering only light and dark periods 
of relatively long duration. 


CASE II. RATE PROPORTIONAL TO GASEOUS 
PRODUCT CONCENTRATION 


Consider the irradiation of a film under the same con- 
ditions as in Case I, but now suppose that the rate of 





JOSEPH E. WILSON 


gaseous product formation within any infinitesimal 
volume is proportional to the product concentration 
within that volume. The local rate of product formation 
is therefore k.6(X,t), where the rate constant ke is taken 
proportional to 74. The boundary value problem in 
6(X,t) now becomes 


04(X,t)= Doxx(X,t)+hO(X,), (0<X<I,t>0), (23) 














6(X,0)=@, (0<X<l), (24) 
9(0,t)=40, O(I,t)=00, (t>0). (25) 
The problem in the transform is 
(s— ke)u(X,s)—O00= Duxx(X;,s), (26) 
su(0,s)=0, su(l,s) =O. (27) 
The solution is 
6o Ook 
u(X,s)= _ 
s—ky s(s—ke) 
q s—ke , s—ko 4 
sinhx(—~*) +sinh(/— x( ) 
D D . 
Xx . (28) 
s—ke 4 
snhi( ) 
5 D 4 








This function has simple poles at s=0 and s=h 
— Dnr*/I?, with n taking integral values from one to 
infinity. The residue of «(X,s)e*‘ at s=0 is 


: ko\} ke\*) 
sinhx( --) +sinh(t—X)( -=) 
D D 


ko\ 3 
sini —=) 
L D 3 


The residue of «(X,s)e*t at s=ke—Dn’x’/I? is 





90 























y mrX 7 
4k) sin-—— 
wo | , Dn?x*t l 
ex ot _ " 
2 5 r P? Dn?x? 
nT ( k — ) 
L I? : 


The inversion theorem now gives the complete solu- 
tion to the original problem, namely, 


4 ke ey ke 9 
sinh()(—=) +sinh(—2(-—) 
D D 
ko\? 
sinnt(-—) 
D j 


r mrX 7 
4kDo — 


Dre? | 
nT (4 ) 
; PT 





6(X,t) = 








(29) 





re) Dr'x*t 
+ > exp ha 


n=1,3,5 
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The solution may also be written 


49, © | On ( ke ) 
aw n=1,3,5 tLan— ke dn— ke 





(Xt) =— 2 =A 


na X 
Xexp{— (a.— a) ait (30) 


where m takes odd values only and a,= Dn?x*/?. It can 
easily be shown that the solution satisfies the statement 
of the problem and boundary conditions. Carslaw'" 
obtained the corresponding solution for a similar 
problem in heat conduction by a different method. 

Figure 4 presents a plot of @ versus X computed from 
Eq. (30). The values for D, 1, and 4 are the same as in 
Case I, while k has been chosen so that the amount of 
gaseous product present in the film after the steady 
state has been reached is approximately the same as for 
Case I. A comparison of Fig. 4 with Fig. 2 shows that 
more product is present in the film after 1000 seconds in 
Case I than after 10 000 seconds in Case II. The ex- 
ponential term in Eq. (30) becomes infinite as i> 
when k2> Dx*/P?, preventing a steady state from being 
reached under these conditions. This is in contrast to 
Case I, where a steady state occurs regardless of the 
relative values of 1, D, and /. 

Integration of k6(X,t) over X from 0 to / and over ¢ 
from 0 to ¢ gives the total amount of gas formed after 





@ x10” (MoL. cm.) 











Fic. 4. Case II, @ versus X/l; with ke=1.0X10™ sec!, D=1.0 
X10-§ cm? sec™!, /=9.6 1072 cm, @0= 1.01077 mole cm=3, and 
values of ¢ indicated in sec. 


”H. S. Carslaw, Mathematical Theory of the Conduction of Heat 
in Solids (Macmillan and Company, London, 1921), second 
edition, p. 69. 

1 Goodlet, Edwards, and Perry, J. Inst. Elec. Engrs. 69, 695 
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time / as 


Skill wo 1 SkAol 
> -(— j= 
n=1,3,5 n? \a,— ke 


2 2 
x= | 
n=1,3,6 27L (dn—ke)* 


By integrating 0(X,t) from X=0 to X=/ the total 
amount of gas present in the film at any instant is 
shown to be 





[few — (dn—kz)t}—1]. 


(teats 
she exp{— on— A) | 
wr n=1,3,5 nLa,— ke — 2 } 


The total amount of gas W diffused from the film after 
time / is obtained by subtracting the amount present in 
the film from the sum of the total amount formed and 
the amount originally present: 


8A] (kat—-1) » 1 ' 
see Fay 





88ol 
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Tr: n=1,3,5 n2 an—ke 


xz (— 


n=1,3,5 2? \a,—ko 


8kfol » 1 ke 
a 
mr n=1,3,5 nL (d,— ke)? 
XLexp{— (an—he)t} —1]+6ol. 


As ¢ approaches infinity the W function approaches 
asymptotically to the line, 


_ 8601 at 1) oo 1 an 
ad n=,3,5 n> \a,—ke 


SkBol 0 1 | 


rr n=1,3,5 1” 


) exp{ — (an—ke)t} 


(31) 


Aol. (32 
(an—ke)* i ; , 


Dividing the slope of this line by the rate of light 
absorption gives an expression for the quantum yield of 
product diffusion from the film in the steady state: 


8kDp wo 1 1 
Go-— F -—-}——+--—., (33) 


rl, n=1,3,5 1? hol? 
es 
[ aa 


Here @ is an increasing function of 60, J, and /, and a 
decreasing function of D. This behavior contrasts with 
Case I above where ® was independent of all of these 
quantities. 

The diffusion coefficient is a function of the tempera- 
ture, in general obeying a relationship? of the type 


E 
D=Dyexp|-—|, (34) 
RT 
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where E is the energy of activation of diffusion, R the 
gas constant, T the absolute temperature, and Do the 
proportionality constant. As an illustration of the effect 
of temperature variation suppose D is known to be 
8.0 10-* cm? sec at 50°C, E is 10 kcal, and the other 
quantities have the values assigned to them in Fig. 4. 
Then the quantum yield will approach infinity at about 
10°C as shown in Fig. 5, provided that the energy of 
activation of the fundamental photochemical reaction is 
zero as usual. Under such conditions the reaction will 
present the superficial appearance of having a negative 
energy of activation. Figure 5 also illustrates the effect 
of a variation in kp». 


CASE III. RATE INDEPENDENT OF GASEOUS 
REACTANT CONCENTRATION 


Consider now a reactive external gas that diffuses into 
the film and is consumed by a photochemical reaction 
with the film when irradiation starts. The arrangement 
of the film and other conditions are the same as described 
above in Case I. The reactive gas is present in the film 
initially at a certain concentration 6, in equilibrium 
with its pressure external to the film. As in Case I the 
external pressure and hence the surface concentration is 
maintained constant throughout the irradiation. 

The equation for the problem is 

6,(X,t)= DOxx(X,t)—ks, (0<X<I,t>0), (35) 


where k; is the rate of reactive gas consumption by 
reaction with the film in any infinitesimal volume. By 
analogy with the previous cases k; is taken proportional 


70 
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Fic. 5. Case II, © versus temperature; with D=8.0X10~* cm? 
sec! at 50°C, E=10 kcal, 1=9.6X10™ cm, 6>=1.0X1077 mole 
cm~, and values of k2X 10° indicated in sec. 
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to J,. The boundary conditions are 
6(X,0)=6:, (t=0,0<X<)l), (36) 


 O(0,)=0,, O(,t)=01, (t>0). (37) 
The problem in the transform is 
s'u(X,s)—s0,;= sDuxx(X,s)—k3, (38) 
su(0,s)=6;, su(l,s)=61. (39) 
The general solution that satisfies (38) and (39) is 


6; ks ks 
u(X,s)=———+ (~) 


s $s s? 





sinhX (s/D)'+sinh(/— X)(s/D)} 
x easabiadienena 
sinhl(s/D)} 


This function has poles at s=0 and at s= —Dn’?x°/[?, 
with m taking integral values from one to infinity. 
Computation of the residues at the poles followed by 
application of the inversion theorem yields the solution 
of the original problem, 


k3(X*—X1) 4k? 
2D wD 


co 1 /nrX Dyn?x't 
x. 2. —sin( “—) exp|— . , (41) 


n=1,3,5 











where takes odd integral values only. The application 
of the inversion theorem can be justified as in Case I 
above. The correctness of the solution can be verified by 
substitution in the statement of the problem and 
boundary conditions. 

Figure 6 shows a plot of @ versus X according to 
Eq. (41) for selected values of ¢. For the particular 
values of the constants used in Fig. 6 it can be seen that 
complete exhaustion of the reactive gas occurs in the 
center portion of the film when the steady state is 
reached. Figure 6 demonstrates that the concentration 
gradient at the surface of the film can become quite 
steep in the steady state. Hart and Matheson‘ con- 
cluded that the oxygen concentration gradient was 
probably high at the surface of GR—S or rubber films 
irradiated in oxygen. 

Provided exhaustion does not occur in the center of 
the film the total amount of gas diffused into the film 
can be readily calculated. The total amount Q of gas 
taken up by the film after time ¢ is equal to the sum of 
the total amount reacted and the amount present in the 
film at time ¢ less the amount originally present in the 
film: 

O=k3lt— 
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u(X,s) = 











For large values of ¢ a steady state is reached and the 
last term of Eq. (42) becomes neglible. Differentiation 
with respect to ¢ and division by the rate of light ab- 
sorption then gives an expression for the quantum yield 
in the steady state: 


b=—, (43) 


The situation is somewhat different when exhaustion 
of dissolved gas occurs in the center of the film. Under 
these conditions the @ function intersects the X axis at 
two points. By setting @=0 and allowing ¢ to approach 
infinity in Eq. (41) the values of X at the intersections 


are found to be 
k3l (ks? —8k3D0;)? 
X= —, (44) 
2k: 





while the quantum yield in the steady state becomes 
k3l— (k3?P?—8k3D8,)} 
p= : 

Tal 





(45) 


An inspection of Eq. (45) shows that an abrupt drop- 
off in the value of the quantum yield occurs when / 
becomes greater than (8D8,/k;)!. This behavior is 
illustrated in Fig. 7 for selected values of 6;. In this con- 
nection, Hart and Matheson‘ found that an increase in 
the film thickness was paralleled by a decrease in the 
quantum yield of oxygen uptake by rubber films. In 
their work, however, the decrease in ® was not definitely 
assigned to the increase in thickness because a change in 
the molecular weight distribution of the rubber occurred 
simultaneously with the thickness increase. 

When an intermittent light source is used, with light 
and dark periods of equal length a, the statement of the 
problem for Case III becomes 


6(X,t) = Dox x (X,t)—k3 > (—1)"H(i—na), 


n=0 


(0<X<i1,t>0), (46) 


where H(t—a) is defined as in Case I. The boundary 
conditions remain the same as in Eqs. (36) and (37). 
The problem in the transform is 


k; 
su(X,s)—0,= Duxx I (47) 
s(i+e-*) 
su(0,s)=61, su(l,s)=61. (48) 
Solving the problem in the transform yields 
6; ks k; 
u(X,s) ere + 
s S(i+e%) s2(i+e-*) 
—_—— (I—X) (s/D) ] 
xX ; 
sinhl(s/D)! 








(49) 
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Application of the inversion theorem to (49) gives the 
inverse transform: 
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This is the solution of Eq. (46) that satisfies the 
boundary conditions. 

At the center of the film for large values of ¢ the 
concentration function closely approximates 





2 & PRP 4P 
4. 0,-b| 45 (—1)"H(i—na){ —--—— 
8D n=0 8D 7D 
o 1 
x > —(—1)—)? 
m=1,3,5 mm? 
Dmx? (t—na) 
Xexp| — : :) (51) 


A plot of this function would be similar to that of Fig. 3, 
but inverted. This would hold true provided the initial 
concentration 6; was large enough to prevent exhaustion 
from occurring in the center of the film. Under the same 
conditions the quantum yield of gas uptake would 
average (k;/I,) mole quantum™ over an equal number 
of light and dark periods, while the rate would average 
(k31/2) mole cm~? sec. 
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CASE IV. RATE PROPORTIONAL TO GASEOUS 
REACTANT CONCENTRATION 
Now let the conditions be the same as in Case III, but 
suppose that the rate of gaseous reactant consumption 
within any infinitesimal volume is proportional to the 
reactant concentration within that volume. Thus the 
local rate of gas consumption is k,6(X,/), where the rate 
constant k, is proportional to 7,. The equation for the 


problem in this situation is 
6.(X,t) = Doxx(X,t)—k0(X,t), (0<X<I,t>0), (52) 


where 6; is again the uniform initial concentration of 
gaseous reactant within the film and the boundary 
conditions are the same as in Case III. 

In terms of the transform the problem is 


(s+ k4)u(X,s)—0,= Duxx(X,s), (53) 
su(0,s)=6;, su(l,s)=6. (54) 
Solving for «(X,s), 
A; Oik4 


a 
stk, s(st+k,) 


r stk, ; stk, a 

sinnx(—*) +sinh (/— x)/ ) 
D D 

x » &) 


st kg ; 
sinhi( ) 
D z 


The solution to the original problem is readily obtained 
by computation of the residues of (55) followed by the 
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application of the inversion theorem: 





6(X,)=6,| ———— , . 
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The solution can also be written in the form, 
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where @,= (Dn?x*)/P as before. This solution can be 
verified by substitution in Eq. (52) and the boundary 
conditions. 

Because the exponent in (57) is negative, a steady 
state is always reached, regardless of the relative values 
of kx, D, and l. It is also seen that for large values of ¢ the 
second term vanishes and the first term remains greater 
than zero for all values of X. Thus the concentration of 
dissolved gas at the center of the film cannot fall to zero 
in the steady state. 

The total amount of gas reacted with the film after 
time ¢ can be calculated by integrating k,9(X,/) over X 
from 0 to / and then over ¢ from 0 to /, and is equal to 
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By integrating 0(X,t) from X=0 to X=/ the total 
amount of gas present in the film at any instant is 
shown to be 


86,1 co 1 an kg 
eo | +( ) exp{— (a+ kd} 
wr n=1,3,5 WLanth, \anthe 


Now the total amount of reactive gas Q taken up by one 
square centimeter of film after time ¢ is equal to the sum 
of the total amount reacted and the amount present in 
the film at time ¢ less the amount originally present in 
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As ¢ approaches infinity the curve of Q versus 
approaches asymptotically to the line 
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The quantum yield in the steady state can be computed 


by differentiating Eq. (59) with respect to ¢ and dividing 
by the rate of light absorption: 


p 





_ Bhi 2 4 ne | (60) 


2, want] Red? 
| 1+ 
| Dn?x? 





As I ql approaches zero, or as D approaches infinity, the 
quantum yield approaches an upper limiting value of 
(k491)/T a. 

If intermittent light is used the statement of the 
problem corresponding to Eq. (52) contains the term 
k,(t)0(X,t), denoting that k, is a function of ¢. In this 
case the application of the Laplace transformation does 
not lead to the solution of the problem. In general the 
present technique is not applicable when the partial 
differential equation of the problem is nonlinear, or 
when the coefficients appearing in the equation are 
functions of /. 
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Residual Entropy of the Polar Structure of Ice 
WILLIAM N. LipscomsB 


School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota 
(Received August 14, 1953) 


UNDLE' has proposed two types of disorder in a treatment 

of the residual entropy of polar ice. The number of con- 

figurations that yield HO molecules contributes S; = (R/2) In(9/8) 

=0.11 eu, while the ‘‘rocking”’ disorder associated with the two 

ways of placing one H.0, with bond angle 104}°, into a tetrahedral 

angle contributes S:= R/2 In2. Correction of his value of S; and 
a discussion of S2 are presented here. 

Let us consider first the “configurational” term S;. Assume that 
one-fourth of the hydrogens have been placed along the ¢ axis of 
the hexagonal unit, so that we now have equal numbers of OH— 
and O-? and that the only disorder which remains is confined to 
the infinite puckered sheets perpendicular to c. Now placement of 
an additional H+ on the OH~ and the 2H* on the O~ to which 
this H* points is exactly the problem of placement of a double 
bond in an infinite layer of graphite. Hence, the number of con- 
figurations is the same as the number of resonance structures for 
graphite. Now choose a hexagonal cell (Fig. 1) in a layer. There 








Fic. 1. Smallest unit cell for the hexagonal network. 


are two possible configurations, all mutually independent for 
each ring at each origin. Thus, W;=2/*, and S,= (1/6)R In2 
=0.23 eu for this choice. A better approximation is obtained by 
placement of coronene-type of units (20 configurations) at each 
origin of a correspondingly larger hexagonal unit cell containing 
24 atoms. Then, S;= (1/24)R In20=0.25 eu. Continuation of this 
procedure to still larger unit cells, with the help of a formula 
established by Woodger? leads to rapid convergence to 5;=0.26 eu 
for very large units. 

A different argument leads to very nearly this same result. 
Locate “independent” atoms, such that the choice of one of the 
three configurations about each is independent of all others, and 
yet any randomness which remains contributes little to the 
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residual entropy. A suitable choice is atoms at the points of a 
hexagonal lattice with a’ = 2a/v3, at 30° with respect to a in Fig. 1. 
The resulting value of S=(1/8)R1n3=0.27 eu is close to the 
correct result. 

Now if we assume the additional “‘rocking”’ disorder, the residual 
entropies of both polar ice and nonpolar ice are significantly 
greater than the observed value’ of 0.82 eu. There are thus thermo- 
dynamic reasons for not requiring this additional disorder. In 
addition, the difference of energy between that of the two dis- 
ordered positions and that of the intermediate position seems 
likely, on simple electrostatic grounds, to be smaller than that 
of an expected zero-point torsional oscillation. Finally, these elec- 
trostatic calculations, based on central forces, indicate that the 
intermediate position is the more stable one. 

Thus, the measured residual entropy is in agreement with that 
of the nonpolar form of ice, and in disagreement with the polar 
form. However, other physical properties than the entropy may 
be much more sensitive to the occurrence of an intermediate 
form of ice, and the suggestion of the polar structure remains 
interesting. 

Support of this work by the U. S. Office of Naval Research is 
gratefully acknowledged. 

1R. E. Rundle, J. Chem. Phys. 21, 1311 (1953). 


2M. Gordon and W. H. T. Davison, J. Chem. Phys. 24, 428 (1952). 
3W. F. Giauque and J. W. Stout, J. Am. Chem. Soc. 58, 1144 (1936). 





Polar Versus Nonpolar Ice 


R. E. RUNDLE 
Institute for Atomic Research and Department of Physics, 
Iowa State College, Ames, Iowa 


(Received September 18, 1953) 


IPSCOMB has kindly informed me, prior to publication,! of 

his discovery of my mistake in calculating the configurational 

part of the entropy for polar ice.2 With corrected values polar ice 

has an entropy of 0.95 eu versus 0.82 eu observed. It would seem 

hard to maintain that this lack of agreement eliminates the polar 

structure, since it is often found that possible disorders are not 
completely frozen in. 

Indeed, since the configurational contribution to the residual 
entropy of polar ice is now somewhat too high, it seems well to 
point out that in my previous paper I ignored restrictions due to 
dipole interactions, as Bjerrum would insist upon,’ except where 
these led to a net crystal dipole. Strict application of these restric- 
tions would tie layers together along Co by Bjerrum’s “inverse 
mirror symmetric” configuration, eliminating all configurational 
contribution to the entropy. Hence, if Bjerrum’s arguments are 
important but not fully realized, the residual entropy of this model 
for polar ice will lie between 0.69 and 0.95 eu. 

The serious objection to the nonpolar ice structure is the weight 
of crystallographic evidence that ice is polar.‘ If this evidence is 
accepted, there is a pressing reason for attempting to find a new 
source of residual entropy in ice. 

A serious objection to the “rocking’’ disorder which I suggested 
has been rasied by Lawrence Bartell, who noted that a large 
barrier would be required to restrict water molecules to one of the 
two extreme positions in the rocking motion. This is impossible, 
but a similar residual entropy would be found if the lowest-energy 
state for torsional vibration were substantially doubly degenerate. 
It appears that a barrier of reasonable height will suffice to produce 
degeneracy, but only if it is an extremely sharp barrier in a broad 
potential well. This is physically unreasonable. Variations can be 
suggested to try to save the model, but it seems best to say that if 
ice is polar the entropy is not yet understood. 

Certain aspects of the proposed polar model seem worth saving, 
nonetheless, particularly the preferred orientation of one-fourth 
the O—H bonds directly along the ¢ axis (and O—O direction), 
versus O—H bonds slightly off O—O directions in other cases. 
This is attractive in explaining the ¢/a ratio, its change with tem- 
perature, and the doublet in the O—H stretching frequency of ice. 
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In addition to Dr. Bartell I am indebted to Dr. Robert S. 
Hansen and Mr. James Richardson for lengthy discussions con- 
cerning this problem. 

1W. N. Lipscomb, J. Chem. Phys. 21, 344 (1954). 

2R. E. Rundle, J. Chem. Phys. 21, 1311 (1953). 


3N. Bjerrum, Science 115, 385 (1952). 
4See, especially, F. Rossmann, Experientia 6, 182 (1950). 





Intensities of the Infrared Bands of 
Carbon Suboxide 


R. L. WILLiAms* 


Department of Chemistry and Chemical Engineering, 
University of California, Berkeley, California 
(Received November 30, 1953) 


URING a recent investigation of the infrared and Raman 

spectra of carbon suboxide,! it was found that the v3; funda- 
mental band was extremely strong in absorption. The intensities 
of both the 2,,* fundamentals have, therefore, now been measured 
in order to determine the values of 0u/Arco and dp/Orcc, the 
variation of the bond dipole moments with bond length, for the 
CO and CC bonds, respectively. 

The sample of carbon suboxide, prepared by dehydration of 
malonic acid with phosphorous pentoxide, was the same as was 
used for the earlier infrared and Raman measurements and was 
better than 98 percent pure by mass spectrometric analysis. The 
absolute band intensity was determined on a Perkin-Elmer 12C 
spectrometer by the extrapolation method of Wilson and Wells, 
dry air, free from carbon dioxide, being admitted up to one 
atmosphere to broaden any fine structure. 

The extrapolated integrated absorption area Bo, for the v3 
fundamental, lying at 2264cm™, was found to be 29 30010" 
cy/cm atmos at NTP, while the area for the vs fundamental, 
which absorbs at 1575 cm™, was 44210" cy/cm atmos. From 
these values and the equation dp /8Qi= +(3cBo'/Nz)t, where NV 
is the number of molecules per cc, c is the velocity of light, and Q; 
the normal coordinate of the ith vibration, it follows that 0u/0Q; 
=+558.4 and du/0Q,;=+68.6 cgs units. If, however, there is 
Fermi resonance between v4 and the neighboring level at 1665 
cm~, which is assigned tentatively as v2+y5+ 77 (calculated = 1610 
cm), the whole of the intensity of this latter band, By= 110 10" 
cy/em atmos, should be added to that of vs. In this case, 
Ou/8Q4 becomes +76.7 

The values of 0u/0R,; can now be found from the equation 
Op/OR.= 2; Li (Ou/9Q;), where L;,— are the matrix coefficients 
of the transformation Q= ZR, and R; is the symmetry coordi- 
nate. Taking the following force constants: foo= 15.5, fec= 12.15, 
foo,cc=1.3, and fec,cc=2.4X105 dynes/cm, respectively, and 
the interatomic distances suggested by Mackle and Sutton,? viz., 
roo=1.19A, rec=1.28A, the coefficients L337, L341, L437, and 
Ly are found to be —1.827, 1.643, 3.276, and 2.348X10-”. 
Substitution for these values gives 


Ou/OR3=+12.45X10-", dp /ARg=F7.56X10™, 


Op/OR3=+7.95X10-", dp /ARg=¥F10.78XK10-. 


Since R3=2-4(Ar’co— Arco) and Rs=2-*(Ar'cc—Ar’’cc), it 
follows that duco/8rco= 27+: du/dR;zand Oucc/Arcc= 27}: du/IRs, 
so that Ouco/Irco= +8.80X 10-” and Oucc/O8rcec= ¥5.34X 107, 
or duco/drco= +5.62XK10- and ducc/drce= F7.62XK10-" cgs 
units. Changes in magnitude of about 3 percent occur, if the effect 
of ve+»;+»; is taken into account. Comparison of these values 
with those for other carbonyl linkages* suggests that either value 
is possible, but that the first set is preferable, since it is unlikely 
that the value for the carbonyl link would be smaller than that 
for the ethylenic link. Measurements are now in progress on the 
intensity of the +, vibrations. 

I should like to thank the committee for Pressed Steel Com- 
pany (Oxford) Fellowships for an award, during the tenure of 
which this work was partly carried out, and also Dr. H. W. 
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Thompson for facilities in the Physical Chemistry Laboratory, 
Oxford. I acknowledge also several helpful discussions with Dr. 
D. C. McKean. 


* Commonwealth Fund Fellow, 1953 
1 Long, Williams, and Murfin, Proc. Roy. Soc. (London) Osha epee. 
4 B. Wilson and A. J. Wells, J. Chem. Phys. 14, 578 (1946). 
Mackle and L. E. Sutton, Trans. Faraday Soc. 47, 937 (1951). 
4 ee McKean, and Thompson, Proc. Roy. Soc. (London) A208, 
341 (1951). 





The Dissociation Energy of Fluorine 
R. T. SANDERSON 


Department of Chemistry, State University of Iowa, Iowa City, lowa 
(Received December 8, 1953) 


ECENT studies seem to favor a value of about 37 kcal/mole 
for the heat of the reaction, 


F2(g)=2F (g). 


This order of magnitude is indicated by a variety of experimental 
approaches,! both indirect and direct, some of which have been 
very carefully executed. However, the value seems chemically 
anomalous and deserves very critical study. In particular, the 
intense reactivity of fluorine, especially at high temperatures, 
makes experimental work of adequate precision extremely difficult. 
It is imperative that the nature of the reaction and of the possible 
products of apparatus corrosion be taken very thoroughly into 
account. For example, the use of nickel must involve not only a 
knowledge of the rate of fluorination of the nickel but also of the 
nature of the product. No exact vapor tension data on NiF: 
appear to be available, but it has been reported” that NiF»2 sub- 
limes, without melting, at about 1000°. This sublimation was 
observed not in a vacuum but in an atmosphere of HF. This could 
easily mean that NiF:2 has an appreciable vapor tension at tem- 
peratures where increase in pressure or thermal conductivity or 
other change has appeared to indicate dissociation of fluorine. 
Other complications may also exist. This may not be the case, 
but unless contrary experimental evidence is obtained, no 
measurements of fluorine at high temperatures in nickel can be 
unambiguously interpreted. The same is probably true of all other 
possible materials of apparatus construction. 

The dissociation energies of diatomic gas molecules of elements 
of the different groups appear to be related in a similar way to the 
principal quantum number of the valence level, as shown in Fig. 1. 














1G. 1. Relation of dissociation energy to principal quantum 
level of valence electrons. 


The anomalous position of the low value for F2 is striking. In 
general, one would expect the dissociation energies of molecules 
of similar elements to be similarly related to such fundamental 


properties as internuclear distance, polarizability, ionization 
energy, and electronegativity. This is true of Iz, Bre, and Cle, but 
the low value of F: is wholly out of line. In fact, no hitherto 
proposed value for F2 fits smoothly with the values for the other 
halogens. Extrapolation is not necessarily justifiable, and in the 
halogens must be too far extended to be precise, but it is very 
interesting that a value of about 95 kcal/mole seems very satis- 
factory. This holds for graphical plots of the dissociation energies 
of the halogens versus many other fundamental properties, as 
illustrated in Fig. 2. Furthermore, a value of 95 leads to 165 kcal/ 











Fic. 2. Dissociation en- 
ergies versus other proper- 
ties of halogens. [(1) polar- 
izability, (2) melting point, 
(3) critical temperature, 
(4) electronegativity, (5) 
ionization potential, (6) re- 
ciprocal of internuclear dis- 
tance, (7) dissociation en- 
ergy of HX.] 














mole for the heat of dissociation of gaseous HF. This value is 
found similarly to fit smoothly in plots of the dissociation energies 
of the hydrogen halides versus other properties. 

Proponents of the low value for the dissociation energy of 
fluorine will therefore not be wholly convincing until they can (1) 
produce completely certain experimental evidence, and (2) explain 
why this alone of the properties of fluorine seems wholly incon- 
sistent with those of the other halogens. 


1R. L. Potter, J. Chem. Phys. 17, 957 (1949). 

2A. D. Caunt and-R. F. Barrow, Trans. Faraday Soc. 46, 154 (1950). 
3A, Eucken and E. Wicke, Naturwiss. 37, 233 (1950). 

4 Evans, Warhurst, and Whittle, J. Chem. Soc., = (1950). 

5M. W. Nathans, J. Chem. Phys. 18, 1122 (1950 

* HH. J. Schumacher, Anales asoc. quim. argentina 38, 113 (1950). 
7R. N. Doescher, J. Chem. Phys. 20, 330 (1952). 

8 E. Wicke, J. Phys. Chem. 56, 358 (1952). 

§H. Wise, J. Chem. Phys. 20, 927 (1952). 

10 Natl. Bur. Standards (U.S.), Cir. 500 (1952). 

1 P, W. Gilles and J. L. Margrave, J. Chem. Phys. 21, 381 (1953). 
122C, Poulenc, Ann. chim. et phys. 2, 41 (1894). 





A Quantum-Mechanical Study of the 
Fluorine Molecule 
HANS DINGER AND INGA FISCHER-HJALMARS 


Institute of Theoretical Physics, University of Stockholm, Stockholm, Sweden 
(Received November 23, 1953) 


HE binding energy of the fluorine molecule in the ground 
state has been computed in an approximation where only 
two electrons are considered. In order to simplify the computa- 
tional work and to be able to make use of the available tables 
of molecular integrals, we have used the common, analytical form 
of the atomic 2 orbitals with only one exponential. The two- 
electron wave function has been constructed according to both 
the valence bond method and the molecular orbital method. The 
interatomic distance R and the effective nuclear charge 2u have 
been chosen as parameters to be determined bya variation method. 
u has only been varied for one R value, R= 2.68 au (the experi- 
mental value). The » value appropriate to this distance has been 
used throughout the computation of the potential energy curve. 
The numerical results are collected in Table I. 


TABLE I. Effective nuclear charge 2, equilibrium distance R, and binding 
energy D for F2 as a two-electron problem. 











R D 
Method 2u au au kcal/mole 
Valence bond 1.98 2.46 0.097 60 
Molecular orbital 1.56 2.68 0.043 26 
Experimental tee 2.68% 0.064-0.072 40-45» 








8 D. Andrychuk, Can. J. Phys. 29, 151 (1951). 
b E. Wicke, J. Phys. Chem. 56, 358 (1952). 


It is remarkable that the computed values of the effective 
nuclear charge are less than 2. According to Slater’s rules the 
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charge should be 5.2. However, our results are in good agreement 
with the results obtained by Kopineck! in his treatment of the 
nitrogen molecule as a six-electron problem. These results indicate 
that screening constants, which have been calculated with explicit 
allowance for all the electrons of the atom, should not be adopted 
in less accurate treatments were part of the electrons are con- 
sidered as point charges coinciding with the nucleus. This con- 
clusion does not seem to be generally recognized, although it can 
also be justified by general arguments. 

A treatment of the fluorine molecule as a ten-electron problem 
according to the linear combination of atomic orbitals approxi- 
mation of the molecular orbital method is going on at this institute. 

During the course of the present study other calculations of the 
energy levels of the fluorine molecule have been published.?* As 
both our treatment of the problem and our results are somewhat 
different from those of the other authors, a comparison cannot 
be made without more details of the computational methods. 
Therefore, the comparison will be postponed to the publication 
of all details of the present treatment, which will appear elsewhere. 

1H. J. Kopineck, Z. Naturforsch. 7a, 22 (1952). 


2F. Schlégl, Z. Physik 131, 505 (1952). 
3C. R. Mueller, J. Chem. Phys. 21, 1013 (1953). 





Nonequivalent Zinc Bonds in Chalcophanite 


D. P. Craic, University of Sydney, Sydney, Australia 
AND 


A. D. WADSLEY, Division of Industrial Chemistry, 
Commonwealth Scientific and Industrial Research Organisation, 
Melbourne, Australia 


(Received December 11, 1953) 


HE crystal structure of the mineral chalcophanite, Zn Mn;0;- 
3H.0, has been described elsewhere by one of us.! The prop- 
erties of the six bonds formed by zinc is the subject of this note. 
Around each zinc atom are three oxygen ions and three water 
molecules in a distorted octahedral grouping. The three equal 
bonds to water are 2.15+0.05A like the Zn—O or Zn—H20 bonds 
in the octahedrally coordinated ZnCO; and Zn(BrO;)26H20 ? but 
make angles of only 83°+2° with one another. The bonds to oxy- 
gen have a mean value of 1.95+0.05A, like those in tetrahedrally 
coordinated ZnO’ and make angles of 90°+2°. Other constraints 
on the oxygen ions (viz., their attachments to Mn), help to fix the 
angles they subtend at the zinc. One of the more probable hydro- 
gen bond schemes would tend to reduce the HXO—Zn—H;0 
angle, but in this case the O—H—O distance is 2.95A, and the 
bonds thereby are probably too weak to have caused much reduc- 
tion in this angle. We consider that the small angles subtended by 
water, and the differences in Zn—O distances, are properties of the 
zinc and its immediate neighbors and are not forced on it by other 
lattice constraints. An interpretation of these features maybe 
given in the covalent bond model of the sixfold coordination 
complexes in which the bonds are formed using sp*d? hybrid orbitals 
of the metal directed to the attached oxygens. Now in general 
isovalent d hybridization, using, in this case, 4d orbits, is more 
readily evoked by the more electronegative atoms‘ (as in SF, 
PCl;, SO2Cle, etc.), so that we might expect the d orbitals in the 
present case to concentrate in the water-directed hybrids at the 
expense of those directed at the negatively charged and therefore 
less electronegative oxygen ions. The novel features of the struc- 
ture may be understood on this basis. The bonds formed by 
orbitals with more d character are expected to be longer than those 
with less (compare the differences in the metal —0 distances of 
tetrahedral and octahedral zinc compounds) and they form at 
angles to one another of less than 90°.5 
Some years ago Hultgren showed that, according to Pauling’s 
strength criterion, the strongest three spd equivalent bond orbitals 
may form at angles of 73° with one another and that they use one 
and two thirds d orbitals, instead of one only as do three right- 
angled regular octahedral bond hybrids. The bonds to water in 
chalcophanite fall between these two limits. The remaining three 
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bond orbitals are left with less than the regular octahedral propor- 
tion of d character and so tend to be shorter and to make angles 
greater than 90°. This latter feature is not manifest in chalco- 
phanite because the disposition of the oxygen ions is governed by 
other forces as well as those exerted by the zinc. 

We believe that this phenomenon of the unequal partition of d 
orbitals in hybrids directed to nonequivalent atoms, in which the 
d character is “stolen” by the more electronegative atoms, is 
fairly common and might occur for example in PF;Cle. The 
evidence, however, is clearest in cases where all bonds are to be the 
same kind of atom as in chalcophanite. A theoretical discussion 
of the effect is to be published elsewhere. 

1A. D. Wadsley, Acta Cryst. (to be published). 

2A. F. Wells, Structural Inorganic Chemistry (Oxford University Press, 
London, 1950), p. 388. 

3W. L. Bragg, Phil. Mag. 39, 647 (1920). 

4Craig, Maccoll, Nyholm, Orgel, and Sutton, J. Chem. Soc. (to be 


published). 
5 R. Hultgren, Phys. Rev. 40, 891 (1932). 





A Structure for Collagen 


F. H. C. Crick 


Polytechnic Institute of Brooklyn, The Protein Structure Project, 
Brooklyn 1, New York 


(Received December 7, 1953) 


HE structure of collagen has recently been reviewed by 
Bear.' Since then Cowan, North, and Randall? have pre- 
sented an improved wide-angle x-ray diffraction photograph,’ 
which strongly suggests that the structure is helical. Cohen and 
Bear‘ have pointed out that the spacings of the higher layer lines 
also suggest a helix. In spite of these important advances, no satis- 
factory structure has yet been proposed. 

Bear! has argued that the bands and interbands of collagen 
seen in the electron microscope may have different amino acid 
compositions, and in particular that the more ordered interbands 
may contain predominantly the shorter amino acids. If this were 
so, then it would be possible in the interbands to accommodate 
four residues in every stretch of 2.9A in the fiber direction, in- 
stead of the three normally assumed. The model proposed here 
has been constructed on this basis, and therefore applies only to 
part of the collagen molecule. 

The model consists of two polypeptide chains wound helically 
round a common axis. The backbones of these chains are related 
by a diad coinciding with the fiber axis. The asymmetric unit 
consists of two residues, which will be called A and B. 

All the peptide links have the cis-configuration. The planes 
of successive peptide links on either chain are alternately perpen- 
dicular and parallel (approximately) to the fiber axis, as shown 
in Figs. 1 and 2, respectively. The two chains are held together 








Fic. 1. A section of the structure perpendicular to the fiber axis at the 
Plane z=0. A and B denote the two types of residue. Hydrogen bonds are 
shown dotted. DOWN and UP show the general run of the polypeptide 


’ Chains. The arrow represents the direction of the projection shown in Fig. 2. 
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Fic. 2. A projection of part of one chain of the structure in the direction 
shown by the arrow in Fig. 1. The vertical arrow is the fiber axis. The small 
arrow represents the general run of the helix. The two horizontal lines 
represent two of the planes of atoms, separated by 2.95A, of the type shown 
in Fig. 1. The residue of type A has been shown as proline; that of type 
B as alanine. 





by hydrogen bonds perpendicular to the fiber axis, and passing 
quite close to it (Fig. 1). The pairs of peptide groups thus linked 
together form sheets of atoms perpendicular to the fiber axis and 
2.95A apart, and they therefore contribute strongly to the merid- 
ional reflections. These sheets are linked by the other, alternate, 
peptide groups of the polypeptide chains, as shown in Fig. 2. 

There are two distinct structures of this general type.5 One has 
a right-handed helix, and has a close van der Waals contact 
between Ca(B) and N(A). The other has a left-handed helix, and 
has a close contact between Ca(A) and O(B). The latter accommo- 
dates proline more easily, and is the one for which details are 
given here. The left-handed screw axis of the helix has been 
given a translation of 2.95A and a rotation of 55°. This represents 
a slightly extended form of the molecule. The wide-angle x-ray 
diagram normally observed! probably corresponds to a somewhat 
distorted helix. 

Approximate cylindrical coordinates for the structure are given 
in Table I. They should not be regarded as final. Because of the 


TABLE I. Approximate cylindrical coordinates. 











Atom Residue (A) 6 z (A) 
Residue A 
Ca 3.55 0° 0.0 
. 2.05 + 1.5° 0.0 
oO 1.65 —36° 0.0 
N 4.3 —15° +0.8 
(Cg) 4.1 — 4,5° —1.4 
(Cy) 5.4 —14° —1.35 
(C8) 5.25 —23° —0.1 
Residue B 
Ca 3.3 -— 4° +2.95 
Cc 4.3 —17° +2.15 
O 5.2 —24° +2.7 
N 1.9 —14° +2.95 
(CB) 3.9 — 6.5° +4.35 








very short van der Waals contacts, several of the angles have been 
distorted by a few degrees from their most likely values. 

The model imposes certain restrictions on the side chains. 
Residues of type B cannot be proline or hydroxyproline; those of 
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type A may be. There is a close approach between the 8 carbon 
atom of a residue of type B on one chain and that of the nearest 
residue of type A on the other chain, which suggests that one 
member of any such pair will be glycine. This would account for 
the high glycine content of collagen. 

The structure appears to be in qualitative agreement with the 
x-ray data, but in view of its usual features it must be considered 
tentative until a more careful comparison has been made with 
experiment. 

I should like to thank Dr. Thomas C. Furnas, Jr., for allowing 
me to study his unpublished monochromatic x-ray photographs of 
collagen, and my colleagues at the Protein Structure Project for 
helpful discussion. 

1R. S. Bear, Advances in Protein Chemistry (Academic Press, Inc., New 
York, 1952), Vol. VII, pp. 69-160. 

2Cowan, North, and Randall, The Nature and Structure of Collagen, 
editor, Professor J. T. Randall. (Butterworth, London, 1953), p. 241-9. 

3 Obtained by Mr. A. C. T. North under Professor J. T. Randall's direc- 
tion (personal communication). 

4C. Cohen and R. S. Bear, J. Am. Chem.Soc. 75, 2783 (1953). 


5 If the peptide bond of Fig. 2 is twisted tar from the planar configuration 
a third, intermediate type of structure is possible. 





Flat Flames of Ammonia in Air 


N. W. Lurt AND L. COHEN 
Research Department, Simon-Carves Lid., Cheadle Heath, Stockport, England 
(Received November 30, 1953) 


T has been shown! that the combustion of lean butane-air 
mixtures near the lower limit of inflammability can be sta- 
bilised sufficiently to produce a flat flame. These flames are 
luminous surfaces of low curvature the edges of which are bent 
sharply. With tube burners the edges are turned upwards, in a 
meniscus-like way. Nozzle burners give “meniscus flames” for 
very lean mixtures or “button flames” with edges bent downwards. 
Small changes of the gas flow will cause either blowoff or flashback. 
Similar flat flames, and also a whole range of polyhedral flames, 
have been obtained by burning mixtures of ammonia and oxygen 
in tube and nozzle burners. The most interesting results, however, 
are probably those on the combustion of slightly preheated 
mixtures of ammonia with excess air in tube burners. Homo- 
geneous flame reactions have never been previously observed with 
ammonia-air mixtures and, indeed, flame propagation in these 
mixtures has been thought impossible. It is also worth mentioning 
that these flat flames occur for ammonia-air mixture ratios which 
are close to stoichiometric. The appearance of the ammonia-air 
flames differs only slightly from that of butane! in that there is a 
very small peak in the center and the edges are not so sharply 
upturned. 





Fic. 1, Flat ammonia-air flame. 


With the flame reproduced in Fig. 1, a tube burner of 1.25 cm 
internal diameter was used and the mixture containing 19.4 
volume percent of ammonia was preheated to 150°C. From the 
gas-flow rate, 18.6 cm/sec at N.P.T., and the nearly planar flame 
area, the burning velocity is calculated as v,= 21.3 cm/sec. Making 
allowance for large thermocouple radiation losses, the measured 
temperature is very roughly 1600°C. The calculated flame tem- 
perature is about 1810°C, for complete combustion to H20O, Nz, 
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and excess oxygen, or ~1590°C, with the assumption that all 
excess oxygen appears as NO, or ~1540°C if 33 percent of the 
ammonia remains unreacted. Analytically only traces of ammonia 
could be detected in the combustion products together with about 
0.2 percent NO which is approximately equal to the equilibrium 
concentration of NO for the given conditions. 

The observation, that the burning velocities of mixtures of 
ammonia with excess air are higher than for mixtures with excess 
ammonia having the same flame temperature, and other results 
seem to indicate that apart from oxygen atoms*® and hydrogen 
atoms, viz., the self-decomposition chain 


NH; —NH.+H, 
NH;+H -—NH:2+H:, 
NH:2+NH;—N2+2H2+H, etc. 


OH radicals are especially important for flame propagation, 
e.g., by 
NH;+02 —NH:2+H0:, 
NH.+0, —HNO+OH8H, 
OH+ NH;—H.0+ NHz, 
and 
H.0 —H-+0H, 
NH;+OH—NH:+H.0, 
NH.+0, —HNO+OH. 


This is also in agreement with spectroscopic evidence‘ and sup- 
ported by recent views® on the role of OH radicals in catalytic 
NH; oxidation. 

In a plot of log v» against the inverse of the (calculated) absolute 
combustion temperature, the foregoing value lies on a fairly smooth 
curve between the earlier data for ammonia-oxygen flames*:® and 
on catalytic combustion of ammonia-air mixtures’* if in the 
latter case the poor NO yields (~50 to 10 percent NO between 
1000 and 1300°K), obtained at low gas velocities, are attributed 
mainly to homogeneous combustion of ammonia. 

The authors are indebted to the Director of Research and 
the Management Board, Simon-Carves Ltd., for permission to 
publish, and to Mr. J. Swindells for assistance with the experi- 
mental work. A detailed account of these investigations will be 
published shortly. 

1 Wohl, Kapp, and Garley, Third Symposium on Combustion, Flame and 
Explosion Phenomena (Williams and Wilkins, Baltimore, 1949), p. 3. 

2 P, Ausloos and A. v. Tiggelen, Bull. soc. chim. Belges. 60, 433 (1951). 

3 N. Semenoff, Acta Physiochim. U.R.S.S. 9, 453 (1938). 

4A. G. Gaydon and H. G. Wolfhard, Flames (Chapman and Hall, Ltd., 
London, 1953). 

3 N. W. Luft, Discussions Faraday Soc. 8, 302 (1950). 

6R. C. Murray and A. R. Hall, Trans. Faraday Soc. 47, 743 (1951). 


7L. Andrussow, Angew. Chem. 63, 21, 350 (1951). 
8L. Andrussow, Bull. soc. chim. France 50 (1951). 





The Decomposition of CF, in Flames 
D. E. Mann, H. P. Broiwa, AND B. E. SQUIRES 


National Bureau of Standards, Washington, D. C. 
(Received December 9, 1953) 


ECENT studies of discharges through fluorocarbon vapors 
have led to the discovery and partial analysis of several 
band systems ascribed to emission by electronically excited CF 
and CF. molecules. The thermal decomposition of CF, in a 
graphite furnace has permitted the observation of the same band 
systems in absorption.‘ It seemed of interest to us to explore other 
convenient means for studying the breakdown of CF,. The ad- 
mixture of the stream of the vapor of this fluorocarbon in an 
acetylene-oxygen flame results in a many-banded spectrum in 
which new bands belonging to the previously found 22 —?z transi- 
tion of CF have been identified. The CF2 bands found in earlier 
work!.5 do not seem to be present. 
Introduction of CF, deepens the color of the blue outer cone of 
the acetylene-oxygen flame and seems to reduce carbon formation. 
In the inner cone the 1—0, 0—0, 1—1, O—1, 0O—2, and 0—3 bands 
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of the CF system A—X were observed. The 0—2 and 0—3 bands 
with heads at 2479 and 2559A were not reported by Andrews and 
Barrow'* and may have been missed because of overlapping by 
the CF: bands found in the discharge. 

The 0—4 and possibly the 0—5 bands also were present in the 
flame but were obscured by overlapping bands of CS, which were 
strong in the region between 2494 and 2715A. No evidence was 
found of the B—X°wr system attributed to CF; this is most 
probably due to the greater intensity of the CO fourth positive 
system in this region. CCl bands between 2777 and 2790A also 
were prominent. 

The appearance of hydrogen-oxygen flames is markedly changed 
by the addition of CF,. The nearly colorless flame becomes blue in 
appearance with a tinge of red. The spectrum contains several 
bands due to impurities between 4000 and 9000A. Other than the 
usual OH bands, no radiation was observed below 3000A with 
exposures as long as 13 hours. The spectrum contains several band 
systems of compounds of copper—CuO, CuCl, and CuF. These 
bands were fairly intense, showing several vibrational transitions 
not listed in the compilation of Pearse and Gaydon.® The copper 
as an impurity in the spectra comes from the tip of the brass 
burner which showed definite signs of erosion after several hours 
of use with these flames, particularly hydrogen. These spectra 
were obtained with a medium Hilger (E-2) spectrograph with 
interchangeable glass and quartz optics. Eastman plates were used 
of emulsions 103 and I variously sensitized from 2100A to 9000A. 

This preliminary study of these spectra has encouraged us to 
investigate such “mixed” flames, partly in order to search for new 
bands or spectra, and partly to obtain spectra under higher resolu- 
tion so that detailed analyses may be made. 

1 Andrews and Barrow, Nature 165, 890 (1950). 

2P, Venkateswarlu, Phys. Rev. 77, 676 (1950). 

3 Andrews and Barrow, Proc. Phys. Soc. (London) 64, 481 (1951). 

4J. L. Margrave and K. Wieland, J, Chem. Phys. 21, 1552 (1953). 

5 Laird, Andrews, and Barrow, Trans. Faraday Soc. 46, 803 (1950). 


6 Pearse and Gaydon, The Identification of Molecular Spectra (Chapman 
and Hall, Ltd., London, 1950), second edition. 





Critical Temperatures of Normal Paraffins 
Y. P. VARSHNI AND S. N. SRIVASTAVA 


Department of Physics, Allahabad University, Allahabad, India 
(Received November 30, 1953) 


GLOFF, Sherman, and Dull! have proposed the following for- 
mula for the boiling points at 1 atmos of the normal 
paraffins: 


T,= 745.42 log(n+-4.4) —416.31, 
where m is the number of carbon atoms. The error in case of 
methane is rather large (18°), for others it is quite satisfactory. 


It is found that the same formula, with different values of the 
constants can also represent the critical temperatures of the 











TABLE I, 
No. of C Tc obs Te calc 
atoms Paraffin in °K in °K Errors 
1 methane 190.7 232.5 —41.8 
2 ethane 305.3 313.1 —7.8 
3 propane 368.8 375.5 —6.7 
4 butane 426.2 426.6 —0.4 
5 pentane 470.4 469.8 +0.6 
6 hexane 508 507 +1 
7 heptane 540 539.9 +0.1 
8 octane 569.4 569.7 —0.3 
9 nonane 595.4 596.1 —0.7 
10 decane 619.3 620.5 —1,2 
11 undecane 642.6 642.8 —0.2 
12 dodecane 663.8 663.6 +0.2 
13 tridecane 683.2 682.8 +0.4 
14 tetradecane 701 699.9 +1 ‘| 
15 pentadecane 717.6 717.9 —0. 
16 hexadecane 734.3 733.9 +0.4 
17 heptadecane 749.3 749.1 +0.2 
18 octadecane 763.2 763.3 —0.1 
19 nonadecane 776 776.5 —0.5 
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normal paraffins. It can be represented as 
Tn= 644.5 log(n+2) —75. 


The observed and the calculated values and the errors are 
recorded in Table I. 

It will be observed that excepting the first three members, the 
agreement between the observed and the calculated values is 
quite good. It is a well-known fact that usually the earlier members 
of the organic series do not show the regular behavior of the higher 
members. The error in case of methane is very large, as has been 
mentioned ; similar is the case with Ebloff’s boiling point equation. 

The authors express their thanks to Dr. K. Banerji and Dr. K. 
Majumdar for their interest in the work. 


1 Egloff, Sherman, and Dull, J. Phys. Chem. 44, 730 (1940). 





Relation between Vapor Pressure and 
Viscosity of Liquids 
SHASHANKA SHEKHAR MITRA 


Department of Physics, Allahabad University, Allahabad, India 
(Received December 7, 1953) 


OTH vapor pressure and viscosity of liquids vary considerably 
with temperature, one increasing and the other decreasing. 
In the present note a temperature-independent relation between 
them has been proposed. . 
If we plot logP against logy, symbols having their usual mean- 
ings, roughly a straight line is obtained. The exact relation is, of 
course, a quadratic equation in logy, 


logP+-n logn=n’ (logn)?=C, (1) 


where n, n’, and C are characteristic constants for a particular 
liquid. The validity of the formula is shown by the constancy of 
C. In its calculation sizable values of P and n were taken, namely, 
P in mm and 10%). For certain nonassociative organic liquids a 
linear relation exists between logP and logn, viz., 











logP+n logn=C. (2) 
TABLE I. 
Liquids n n’ 
Water 4.142 0.8030 
o-toluidine 4.999 0.8720 
Chloroform 4.335 0 








TABLE II. Water. 


























10°y 
°C P mm (cgs) 10? C 
0 4.579 17.93 459.38 
10 9.209 13.11 458.92 
20 17.54 10.06 458.93 
30 31.82 8.00 458.89 
40 55.32 6.57 459.20 
50 92.51 5.50 459.38 
60 149.38 4.69 459.27 
70 233.7 4.06 459.23 
80 355.1 3.56 459.01 
90 525.8 3.16 458.95 
100 760.0 2.84 459.38 

TABLE III. o-toluidine. 

10%n 
7 Pmm (cgs) 102. C 
40 1.1 24.36 529.41 
50 re 19.19 530.02 
60 3.7 15.78 530.62 
70 6.4 13.02 529.41 
80 10.5 11.09 529.25 
90 17.3 9.52 529.59 
100 27.2 8.31 529.41 
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TABLE IV. Chloroform. 


TABLE I, 











Frequency 


Compound Mc/sec Temperature Multiplicity Intensity 











Table I gives the values of and mn’ for different liquids. Tables 
II, III, and IV show the constancy of C for water, o-toluidine, 
and chloroform. 

A theoretical justification of the above formulas can be furnished 
as follows. The variation of vapor pressure with temperature can 
be expressed very roughly (excepting for certain organic liquids, 
for which the formula is very accurate) as! 


logP= A—(B/T), (3) 


and the variation of viscosity of liquids with JT is given 
by Andrade’s? formula 


logn= A'+ (B'/T), (4) 


where A, B, A’, and B’ are constants, and T is temperature in °K. 
Eliminating T between (3) and (4) we get 
logP—A B 
logn—A’ ~ zB —n(say) 
or 
logP+n logy=C, 


where C is another constant. We thus get (2), a temperature- 
independent relation between P and 7. 

Since the vapor-pressure formula is roughly approximate and 
Andrade’s formula is also not very accurate, (2) cannot be 
successfully applied to all liquids and hence the inclusion of a 
quadratic term in logy is necessary. 

The author is grateful to Dr. K. Mazumdar for his guidance. 

1 Glasstone, Physical Chemistry (D. Van Nostrand Company, Inc., New 


York, 1947), p. 453. 
2 Andrade, Phil. Mag. 17, 497, 698 (1934). 
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HE resonance frequency absorption resulting from transi- 
tions between levels of the nuclear electric quadrupole 
splitting in Br”, Br®', and I?’ has been studied in several com- 


CH:BrCOOH Br? = §=279.3 
Br® 234.0 
Br? =. 261.97 
Br& 259.09 
218.85 
216.45 
179.3 


Room 
temperature 


Doublet Strong 


CHeBrCH2Br Liquid air Doublet Strong* 


Liquid air 


120s 127 Several Weak 


lines 


Room 
temperature 








*H. Zeldes and R. Livingston, J. Chem. Phys. 21, 1418 (1953). We 
found that this line had been measured independently by these authors, 


TABLE II. Resonance frequencies for Br7? in some bromates* at 20°C. 








Compound LiBrOs; NaBrOs KBrO; 


Resonance 
frequency, Mc/sec 


AgBrO; 


184,12 178.95 173.11 168.19 


Compound Ca(BrO3)2H:0 Sr(BrO3)2H20 Ba(BrOs;)2H20 


Resonance 


frequency, Mc/sec 176.85 173.76 173.69 








* A. L. Schawlow, Phys. Rev. 90, 348 (1935). 


pounds. A frequency modulated regenerative oscillator was used, 
and the absorption lines were viewed on an oscilloscope. 

The results obtained are listed in Tables I and IT. 

In CH2BrCH:Br the resonance lines are observed at liquid air 
temperature showing doublet lines, while at higher temperature 
no line is observed. The coupling in this substance is slightly 
lower than that in CH;Br.! This fact indicates that replacing an 
H by a CH:Br group produces very little change in coupling and, 
accordingly, that this group has an electronegativity nearly equal 
to or slightly smaller than that of H. 

The resonance line of CH2BrCOOH vanishes when it is cooled 
below room temperature. By comparing its frequency observed 
by us with that of CH.Brz reported by Zeldes and Livingston, the 
electronegativity of COOH group seems to be nearly equal to 
that of Br, if the temperature effect is neglected. 

The resonance frequency in alkali metal bromates increases 
monotonically with the electronegativity of alkali metals. 


1H. G. Dehmelt and H. Kriiger, Z. Physik 129, 401 (1951). 





Erratum: Absorption of 3.3-cm Microwaves in 
Chloroform and Ethylene Dichloride in 
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